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 To whom is so far but incredibly close.. 
 
 
[...] We (chemists) assemble and dismantle very small structures. We split into two main 
branches, those that mount and those who dismantle, the one and the other are like blind 
people with sensitive fingers [...] because we manipulate things that are too small to be seen, 
even with the most powerful microscopes; and then we invented several clever tricks to 
recognize them without seeing them.. 
[The wrench-Primo Levi] 
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Abstract 
 
This thesis describes the development of a fast rate method for the deposition of high quality 
CdS and CdTe thin films. The technique uses Pulsed DC Magnetron Sputtering (PDCMS). 
Surprisingly, the technique produces highly stable process conditions. CREST is the first 
laboratory worldwide to show that pulsed DC power may be used to deposit CdS and CdTe 
thin films. This is a very promising process technology with potential for eventual industrial 
deployment. The major advantage is that the process produces high deposition rates suitable 
for use in solar module manufacturing. These rates are over an order of magnitude faster 
than those obtained by RF sputtering. In common with other applications it has also been 
found that the energetics of the pulsed DC process produce excellent thin film properties and 
the power supply configuration avoids the need for complex matching circuits. 
 
Conventional deposition methodologies for CdS, Chemical Bath Deposition (CBD) and CdTe 
thin films, Electrodeposition (ED), have been chosen as baselines to compare film properties 
with Pulsed DC Magnetron Sputtering (PDCMS). 
One of the issues encountered with the deposition of CdS thin films (window layers) was the 
presence of pinholes. A Plasma cleaning process of FTO-coated glass prior to the deposition 
of the CdS/CdTe solar cell has been developed. It strongly modifies and activates the TCO 
surface, and improves the density and compactness of the deposited CdS thin film. This, in 
turn, improves the optical and morphological properties of the deposited CdS thin films, 
resulting in a higher refractive index. The pinhole removal and the increased density allows 
the use of a much thinner CdS layer, and this reduces absorption of blue spectrum photons 
and thereby increases the photocurrent and the efficiency of the thin film CdTe cell. 
Replacing the conventional magnetic stirrer with an ultrasonic probe in the chemical bath 
(sonoCBD) was found to result in CdS films with higher optical density, higher refractive 
index, pinhole and void-free, more compact and uniform along the surface and through the 
thickness of the deposited material. 
 
PDCMS at 150 kHz, 500 W, 2.5 μs, 2 s, results in a highly stable process with no plasma 
arcing. It allows close control of film thickness using time only. The CdS films exhibited a 
high level of texture in the <001> direction. The grain size was typically ~50 nm. 
Pinholes and voids could be avoided by reducing the working gas pressure using gas flows 
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below 20 sccm. The deposition rate was measured to be 1.33 nm/s on a rotating substrate 
holder. The equivalent deposition rate for a static substrate is 8.66 nm/s, which is high and 
much faster than can be achieved using a chemical bath deposition or RF magnetron 
sputtering. 
 
The transmission of CdS can be improved by engineering the band gap of the CdS layer. It 
has been shown that by adding oxygen to the working gas pressure in an RF sputtering 
deposition process it is possible to deposit an oxygenated CdS (CdS:O) layer with an 
improved band gap. In this thesis, oxygenated CdS films for CdTe TF-PV applications have 
been successfully deposited by using pulsed DC magnetron sputtering. The process is highly 
stable using a pulse frequency of 150 kHz and a 2.5 µs pulse reverse time. No plasma arcing 
was detected. A range of CdS:O films were deposited by using O2 flows from 1 sccm to 10 
sccm during the deposition process. The deposition rates achieved using pulsed DC 
magnetron sputtering with only 500 W of power to the magnetron target were in the range 
~1.49 nm/s ~2.44 nm/s, depending on the oxygen flow rate used. 
 
The properties of CdS thin films deposited by pulsed DC magnetron sputtering and chemical 
bath deposition have been studied and compared. The pulsed DC magnetron sputtering 
process produced CdS thin films with the preferred hexagonal <001> oriented crystalline 
structure with a columnar grain growth, while sonoCBD deposited films were polycrystalline 
with a cubic structure and small grainy crystallites throughout the thickness of the films. 
Examination of the PDCMS deposited CdS films confirmed the increased grain size, 
increased density, and higher crystallinity compared to the sonoCBD CdS films. The 
deposition rate for CdS obtained using pulsed DC magnetron sputtering was 2.86 nm/s using 
only 500 W power on a six inch circular target compared to the much slower (0.027 nm/s) for 
the sonoChemical bath deposited layers.  
 
CdTe thin films were grown on CdS films prepared by sonoCBD and Pulsed DC magnetron 
sputtering. The results showed that the deposition technique used for the CdS layer affected 
the growth and properties of the CdTe film and also determined the deposition rate of CdTe, 
being 3 times faster on the sputtered CdS. 
 
PDCMS CdTe layers were deposited at ambient temperature, 500 W, 2.9 μs, 10 s, 150 kHz, 
with a thickness of approximately 2 µm on CdS/TEC10 coated glass. The layers appear 
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uniform and smooth with a grain size less than 100 nm, highly compact with the morphology 
dominated by columnar grain growth. Stress analysis was performed on the CdTe layers 
deposited at room temperature using different gas flows. Magnetron sputtered thin films 
deposited under low gas pressure are often subject to compressive stress due to the high 
mobility of the atoms during the deposition process. A possible way to reduce the stress in 
the film is the post-deposition annealing treatment. As the lattice parameter increased; the 
stress in the film is relieved. Also, a changing the deposition substrate temperature had an 
effect on the microstructure of CdTe thin films. Increasing the deposition temperature 
increased the grain size, up to ~600 nm. 
CdTe thin films with low stress have been deposited on CdS/TEC10 coated glass by setting 
the deposition substrate temperature at ~200°C and using high argon flows ~ 70 sccm Ar. 
 
Finally, broadband multilayer ARCs using alternate high and low refractive index dielectric 
thin films have been developed to improve the light transmission into solar cell devices by 
reducing the reflection of the glass in the extended wavelength range utilised by thin-film 
CdTe devices. A four-layer multilayer stack has been designed and tested, which operates 
across the wavelength range used by thin-film CdTe PV devices (400–850 nm). Optical 
modelling predicts that the MAR coating reduces the WAR (400-850 nm) from the glass 
surface from 4.22% down to 1.22%. The application of the MAR coating on a thin-film CdTe 
solar cell increased the efficiency from 10.55% to 10.93% or by 0.38% in absolute terms. 
This is a useful 3.6% relative increase in efficiency. The increased light transmission leads to 
improvement of the short-circuit current density produced by the cell by 0.65 mA/cm2. The 
MAR sputtering process developed in this work is capable of scaling to an industrial level. 
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  Chapter 1
Introduction 
 
 Background and motivation: Photovoltaics (PV) 1.
The energy of solar radiation is often utilised in two forms: direct conversion into electricity 
that takes place in semiconductor devices called solar cells, and accumulation of heat in solar 
collectors. 
The direct conversion of solar radiation into electricity is often described as photovoltaic (PV) 
energy conversion because it is based on the photovoltaic effect. In general, the photovoltaic 
effect means the generation of a potential difference at the junction of two different materials 
in response to visible or other radiation. Photovoltaics describes the conversion of the solar 
radiation (photons) directly into electric power (electrons) when light strikes the surface of a 
solid state semiconductor [1]. Their main characteristic is the decreasing electrical resistivity 
with increasing temperature in a range from 10-2 to 109 Ωcm. [2]  
The whole field of solar energy conversion into electricity is therefore denoted as the 
“photovoltaics”. The term Photovoltaic comes from a combination of a greek word phos, that 
means light and volt, from Alessandro Volta, the physicist, and inventor of the electric battery. 
This process dates back to 1839 when E.Becquerel observed the production of an electric 
current caused by the effect of light on a silver coated platinum electrode immersed in 
electrolyte, but it was C.Fritts who built the first solar cell in 1883, using a selenium 
semiconductor with a film of gold [2] . 
The problem of global climate change is causing increasing worldwide concern, so that 
renewable energies, including solar cell technology based on the photovoltaic effect, has 
become an important field of research. The field of photovoltaics has developed greatly 
leading to a growing commercial market for solar modules expanding at a rate that has been 
unimaginable before. This huge thrust in the industrialisation and commercialisation of solar 
modules has driven research for new technologies with higher efficiency and lower cost. 
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 PV – Market overview 2.
Over the last two decades, the Photovoltaic (PV) market has seen an incredible expansion, 
with over 40 GW installed in 2013 (Figure 1) [3]. For the third year in a row, solar power 
attracted the largest amount of new investment in renewable energies, attracting 57.7% of all 
new renewable energy investments or USD 137.7 billion (EUR 105.9 billion) [4]. 
 
 
Figure 1: Annual PV installations from 2000 to 2013 [4]. 
 
Over the last 40 years, prices of solar modules have decreased and have followed a price-
experience or ‘learning’ curve with an average learning rate of about 80%. The average 
selling price of solar modules has decreased by 20% for each doubling of production volume 
(Figure 2).  
 
Figure 2: Price-experience curve for solar modules [4]. 
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This trend was set by technological developments and by market conditions. PV modules 
prices remained approximately constant between 2004 and 2008, at about 4 
/4.5USD2012/Wp (Watt-peak), although during those years there was a significant scaling up 
of production by several companies and continuous improvement in manufacturing 
technology. Between 2005 and 2009 investments in thin film solar cells massively expanded 
because of a temporary price increase caused by a silicon feedstock shortage. The market 
share for thin-film modules increased until 2009, reaching almost 20%. Between 2008 and 
2012 there was a massive 80% drop in the price of modules causing serious problems for all 
companies involved in PV manufacture, leading to some closures. PV systems prices 
followed the same reduction profile as module prices but at a slower pace. These prices are 
still decreasing not only in Europe but globally. Decreasing cost is an important stage 
necessary for photovoltaics to become a major energy provider in the near future. The 
International Energy Agency estimates that thin-film technologies will represent 40% of the 
PV market by 2030 [5], and the European Photovoltaic Industry Association forecast that 
CdTe alone will occupy about 12% of the global PV market by 2020 [6]. Nevertheless, c-Si 
production costs are also quickly decreasing and these developments could impact on thin 
film and CdTe cost competitiveness. Other PV technologies (e.g. organic PV, concentrator 
PV, DSSC, multi-junction cells) [7][8] are also emerging and they must be considered as 
potential competitors. 
As previously reported, the PV industry has changed dramatically over the last few years and 
the global market, which was dominated by Europe in the last decade, is gradually involving 
entrants from other countries (Figure 3). In fact, China has become the major manufacturing 
centre for solar cells and modules, followed by Taiwan, Germany and Japan. Among the 20 
biggest PV manufacturers in 2013, only three had some of their production facilities in 
Europe, namely First Solar (USA, Malaysia), Hanwha Q CELLS (South Korea, Germany, 
Malaysia and China) and REC (Norway and Singapore) [1][9].  
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Figure 3: Solar PV demand by Key Geographic Segments for 2013 and 2014 [10]. 
 
It is difficult to predict how the entrance of these new players will affect the future growth of 
the manufacturing industry and markets. On one hand, it is easy to anticipate the accelerated 
growth rates of PV markets, in particular if the new large solar cell companies guarantee a 
power output for over 30 years and with reasonable prices. On the other hand, this would 
mean tough competition for small and medium companies. These smaller companies will 
have to specialise with high value added products, with special solutions tailor-made for 
customers or they will need to offer technologically improved and cheaper solar cell concepts 
[11][12].  
 
 Why thin film solar cells technology? 3.
Although the dominant technology in the PV market is crystalline silicon (c-Si), thin film 
technology has become competitive because the amount of material used is reduced, yielding 
lower production costs. Here is a summary of the advantages that attract investment in this 
technology. 
• Deposition (growth) of layers on large areas 
• High absorption coefficient (~105 cm-1) which explains how a few microns of the 
absorber materials is sufficient to absorb a large amount of incident light 
• Hetero-junction formation (between two different materials) gives the possibility of 
reducing optical absorption losses and improving device engineering  
• Multi-junction (tandem) solar cells to absorb a wider range of the solar spectrum, 
improving efficiency 
• Monolithic integration to minimise area losses 
Chapter 1 
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• Possibility of using flexible substrates such as metals or polymer foils allowing 
modules to be lightweight compared to the rigid and heavy glass substrates commonly 
used 
• Possibility of roll-to-roll manufacturing to enhance the deposition speed and reduce 
energy payback time. 
 
Another important aspect for this technology is the Life Cycle Analysis (LCA); the National 
Renewable Energy Laboratory (NREL) has developed a LCA Harmonization Project which 
is a systematic approach to review LCA literature from c-Si and Thin Film PV through a 
meta-analytical process called “harmonization”. According to this study, the harmonised 
median value for c-Si resulted to be 45 g CO2 eq/kWh and for thin films PV-systems the life 
cycle greenhouses gas (GHG) emissions were estimated to be 20, 14, and 26 g CO2 eq/kWh, 
for a-Si, CdTe and CIGS, respectively [13].There are also drawbacks related to the thin films 
technology: 
• In particular a-Si shows low efficiency and high cost equipment.  
• CdTe is characterised by the presence of Cadmium which is highly toxic. Cd is one 
of the top 6 deadliest and toxic materials known. However, CdTe appears to be less 
toxic than elemental cadmium, at least in terms of acute exposure.Tellurium supply is 
another issue, while Cd is relatively abundant, this is not the case for Te. Tellurium is 
an extremely rare element (1-5 parts per billion in the Earth's crust). According to 
USGS (U.S. Geological Survey), global tellurium production in 2007 was 135 metric 
tons. Most of it results as a by-product of copper, with smaller by-product amounts 
from lead and gold. One gigawatt (GW) of CdTe PV modules would require about 93 
metric tons (at current efficiencies and thicknesses)[14], so the availability of 
tellurium can represent a strong limit for the production of this material. Since CdTe 
is now regarded as an important technology in terms of PV’s future impact on global 
energy and environment, the issue of tellurium availability is significant. The 
disposal and long term safety of cadmium telluride is a known issue in the large-scale 
commercialization of CdTe solar panels. Serious efforts have been made to 
understand and overcome these issues. Researchers from the U.S. Department of 
Energy's Brookhaven National Laboratory [15] have found that large-scale use of 
CdTe PV modules does not present any risks to health and the environment, and 
recycling the modules at the end of their useful life resolves any environmental 
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concerns. During their operation, these modules do not produce any pollutants, and 
furthermore, by displacing fossil fuels, they offer environmental benefits. CdTe PV 
modules appear to be more environmentally friendly than all other current uses of Cd. 
 
 Solar cells overview and CdTe thin film technologies 4.
Traditional solar cells are based on single crystal materials, such as crystalline silicon (c-Si) 
and crystalline gallium arsenide, c-GaAs, grown by costly processes such as the Czochralski 
method and molecular beam epitaxy (MBE). Because of the difficulty in processing, and 
cutting, single crystal ingots and due to the need to use high purity materials, these cells are 
subject to price fluctuations. As a result, the manufacturing cost of the ‘1st generation’ solar 
modules is relatively high compared with conventional sources of electricity in large-scale 
utility markets. Although due to the economy of scale brought about by volume 
manufacturing, this cost has recently reduced considerably [16].  
Shockley-Queisser [17] studied the theoretical efficiency limit for an ideal homo-junction 
solar cell (also known as the Shockley-Queisser limit [18]) and found that, the maximum 
possible efficiency is 30% for a band gap of 1.1 eV (assuming only radiative recombination) 
if exposed to the sunlight of global air mass 1.5 (Figure 4). This value is relatively close to 
the most recent data published in Progress in Photovoltaics [19] which reports a crystalline 
silicon (Si) solar cell efficiency of 25% measured under the AM 1.5 spectrum at 25°C. 
 
Figure 4: Maximum theoretical efficiency (Shockley–Queisser limit) for solar cells under AM1.5 illumination without 
concentration. The bandgaps of absorber materials (c-Si, CdTe, CIGS, CZTS) and window materials (CdS, ZnO) are 
shown for comparison. Note that the bandgap of the CIGS system can be tuned by controlling the In/Ga ratio [6]. 
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Although mono-crystalline silicon cell technology currently dominates the market, 
accounting around 90% of the market [20], the main drawback with the Si solar cells is that it 
is an indirect band gap semiconductor and needs a thick layer around 20-100 μm to absorb 
photons [21]. The band gap of 1.1 eV for Si does not absorb more than 50% of the visible 
spectrum. Its low absorption cross section and high synthesis and processing costs mean that 
the Si is not considered a viable candidate for low cost thin film PV devices, although 
attempts have been made in the form of amorphous silicon, a-Si, cells, but these only 
exhibited efficiencies in the 10-12% range [22]. These films are made by vapour-depositing a 
layer of silicon material (~1 μm) on a substrate such as glass or metal. They can be deposited 
at low temperatures (~75ºC), which allows their deposition on plastic materials. One of the 
disadvantages of this technology is the low efficiency compared with mono- or poly-
crystalline solar cells. In addition, the major problem associated with the a-Si solar cells is the 
degradation of performance over time. 
Other 2nd generation solar cells based on thin film materials, are cadmium telluride (CdTe), 
copper indium selenide (CIS), and copper indium-gallium diselenide (CuIn1-xGaxSe2 or 
CIGS). Thin film CIGS and CdTe have achieved cell efficiencies of 21.7% and 21.5%, 
respectively [23][24][25]. These solar cell materials are fabricated using simpler processes 
such as magnetron sputtering, close space sublimation (CSS), plasma enhanced chemical 
vapour deposition (PECVD), and multi-source evaporation which are all suitable for large 
scale automated production. The thicknesses of the films used in these solar cells are at least 
an order of magnitude smaller than those in c-Si cells. As a result, although thin film cells 
have lower conversion efficiencies, they can be manufactured at much lower cost. Additional 
details can be found in the following reports and literature;for example innovative, low-cost 
solutions for solar panels design have been developed by different companies [26][27] as 
novel designs to deliver more energy per watt and to be competitive with the conventional 
panels [28][29] Financial and environmental investments are dominating the modern market, 
offering solar power production systems for personal homeowners or business use [29][30] 
Due to the direct band gap of the semiconductors used in thin film solar cells, they show 
much higher absorption coefficients compared to c-Si with its indirect band gap. Higher 
absorption coefficients allow a reduction in thickness to less than 10 μm, so that there is less 
requirement for long minority-carrier diffusion lengths and lifetimes allowing less pure 
polycrystalline or amorphous material to be used. For example, the absorber materials used 
for thin films solar cells have a range from 0.5 to 8 μm in thickness compared to the “thick” 
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c-Si generally in the range 80-150 μm of thickness. Figure 5 is an absorption coefficient 
graph, showing how the absorption coefficient is significantly higher for these materials 
compare to c-Si, especially at wavelengths close to the band gap of the material. 
 
Figure 5: Absorption coefficients of different semiconductors. Materials commonly used in thin film solar cells have a 
much higher absorption coefficient compared to c-Si, allowing the use of thinner layers [31].  
 
 
Chalcogenide–based thin film solar cells offer considerable cost reduction for solar energy 
production. Recently, First Solar LLC announced that the current cost of electricity produced 
by its CdTe solar panel was $0.63W in 2013 and aims to develop solar cells at the cost of 
$0.35/W in 2018 [28] [32]. Although thin film materials for solar cells have obvious potential 
advantages including low cost, they also have a number of well-known drawbacks. The main 
issues are related to these materials when considered as pure and isolated elements before 
they are bonded to form compounds with a film. The scarcity, cost or toxicity associated with 
In, Ga, and Cd elements may compromise their sustainability in the future.  
GaAs based solar cells have high efficiency, but the toxicity issues concerning arsenic and 
high substrate costs restrict their use. CIGS solar cells show promising potential, despite the 
scarcity and cost of indium and gallium, which ideally would be replaced by other elements. 
The quaternary compound semiconductor CZTS (Cu2ZnSnS4) [33] shows attractive optical 
properties, with a band-gap energy of about 1.5 eV and a large absorption coefficient in the 
order of 104 cm-1, but device efficiency must be improved to make it commercially viable. 
CdTe solar cells are also highly promising although cadmium toxicity and tellurium scarcity 
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are issues that need to be addressed. Research into new, cheap precursors and alternative low 
cost processes is necessary to improve the cost effectiveness of these devices.  
Emerging technologies, known as “third-generation PV”, could become viable commercial 
options in the future [34], either by achieving very high efficiency or very low cost. 
Examples include dye-sensitised solar cells (DSSC) [35] and organic PV cells, which are 
based on a photo-electrochemical system with the semiconductor formed between a photo-
sensitised anode and an electrolyte. This technology is relatively new but one of the most 
developed among third generation PV. Other examples of third generation devices include 
the use of quantum dots, plasmonic nanostructures, thermophotonics, intermediate band, 
multi-junctions and bio-inspired materials. Another recently developed PV technology is that 
of perovskite solar cells [36]. This technology is inspired from DSSC, but the electrolyte dye 
has been substituted with solid state material. Engineering of these solar cells such as 
changing the mesoporous TiO2 layer with mesoporous Al2O3 leads to high performance, 
especially Voc values which are above 1.1 V. However, stability is one of the main issues 
with these cells, which is a common problem for devices based on organic material. All these 
technologies have promising theoretical potential which is being developed currently in many 
universities and research centres (Figure 6) [37][38]. 
 
Figure 6: Best Research-Cell efficiencies from 1975 to 2015 from NREL [39]. 
 
 
Among thin film photovoltaics, CdTe is one of the promising technologies and as already 
stated is finding considerable market share. The relative competitiveness of CdTe versus 
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other technologies, and how fast these other emerging PV technologies will gain market share, 
are factors which will ultimately determine its long term future. CdTe production will 
certainly continue to grow, and the future demand for Te from the CdTe industry is actually 
one of the potential drawbacks of the technology, due to its relative low abundance. Research 
is moving towards more efficient use of Te in the production process, improving efficiencies 
whilst also reducing the thickness of the absorber layer (CdTe) and also increasing recycling 
of the material in the production process [36]. 
Another issue of concern with CdTe is that of regulation in its use, and this is currently under 
discussion in Europe, although the scientific community believes that the use of this material 
does not constitute a major environmental problem [37]. Research on thin film CdTe thus is 
focused on several challenges. The most important are increasing efficiency and lowering the 
cost. Other challenges include the introduction of novel manufacturing technologies and 
understanding, and minimising the degradation of these devices. 
 
 Thesis structure 5.
One of the main objectives of this work was to develop a fast, inexpensive deposition method 
for high quality CdS and CdTe thin films, Pulsed DC Magnetron Sputtering (PDCMS). Since 
magnetron sputtering using RF power results in low deposition rates (for example a rate of 
0.3 nm/s has been reported at 250 W [40]) and involves the use of complex matching 
circuits, the technique is not well suited to industrial deployment, although suitable for 
research purposes. The aim of the project was to study the advantages and disadvantages of 
solution based techniques compared to high throughput vacuum based technologies.  
 The ultimate goal was to devise an industrially relevant process for the deposition of high 
efficiency CdTe solar cells. In this work, a process based on pulsed DC power hase been 
applied to sputter thin films of CdS and CdTe in process conditions which are highly stable. 
The major advantage is that the process produces high deposition rates suitable for use in 
solar module manufacturing. These rates are over an order of magnitude faster than those 
obtained by RF sputtering. In common with other applications it has also found that the 
energetics of the pulsed DC process produce favourable thin film properties and the power 
supply configuration avoids the need for matching circuits [41][42]. 
The structure of this thesis is as follows: Chapter 1 introduces the photovoltaic market, 
providing an historical overview through the last few decades up to the present day, as well 
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as providing a general market overview. The motivation for developing, and improving, thin 
films photovoltaic is then outlined. 
Chapter 2 provides an overview of solar cells, and in particular of CdTe thin films. An 
introduction to photovoltaics is provided with some basic physics, the general structure of a 
thin film solar cell and specifically that of the CdTe thin film solar cell.  
Chapter 3 introduces the methods utilised for the deposition of CdS and CdTe thin films, 
starting with a general overview, analysing the critical issues related to these materials, 
describing the methods that were chosen for this study (these will be explained further with 
related results in the experimental section).  
Chapter 4 is focused on the methods used in this study for the characterisation of thin films, 
starting with morphological and microstructural analysis by using Scanning Electron 
Microscopy (SEM) and Transmission Electron Microscopy (TEM). There are also sections 
focused on the chemical compositional analysis of the surface with X-ray Photoelectron 
Spectroscopy (XPS) and analysis of the bulk material with Energy Dispersive X-ray 
Spectrometry (EDS), analysis of crystalline orientation using X-ray Diffraction (XRD). The 
basic concepts and principles of ellipsometry are analysed, including the generic structure of 
ellipsometers, the specific experimental apparatus, and the operational principles of 
ellipsometers. Data analysis strategies (modelling) used to describe film structure, optical and 
physical properties of materials deposited in this project are also explained in this chapter. It 
focuses on optical properties analysed using a spectrophotometer, Scanning White Light 
Interferometry (SWLI) and electrical measurements by studying the current-voltage (I-V) 
characteristics. 
Chapter 5 provides a description of a plasma pre-treatment process for cleaning and 
activating the substrate before the thin film deposition. The condition of the surface free from 
contamination, organic compounds, native oxides, hydroxides, is a crucial step to ensure an 
optimised deposition and semiconductor device fabrication. Surface contaminants and native 
oxides can alter the growth mode and the optical, morphological properties of the deposited 
films. A functional plasma pre-treatment has been optimised which provides activation of the 
surface, leading to pinhole and void -free layers deposited after the treatment. 
Chapter 6 introduces the low cost wet-chemical technique used for CdS films deposition: 
Chemical Bath Deposition (CBD). The deposition method is analysed, going through the 
experimental procedures applied in this work and the results achieved.  
This conventional deposition methodology has been chosen as baseline to compare against 
Pulsed DC Magnetron Sputtering (PDCMS).  
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The second part of this study focuses on using this process for high quality CdS and CdTe 
thin films. CREST is the first laboratory worldwide to show that pulsed DC power may be 
used to deposit CdS and CdTe thin films; this is a very promising process for eventual 
industrial deployment. In chapters 7 and 8 the PDCMS experimental process is described 
which has been developed and optimised to deposit thin films of CdS and oxygenated CdS 
(CdS:O), respectively.  
Chapter 9 compares the structural properties of CdS thin layers deposited by CDB and 
PDCMS. 
Chapter 10 introduces the experimental work on CdTe thin films, as well as CdS layers, a low 
cost technique has been selected as a baseline to compare against the PDCSM deposition 
process. The deposition method used to do this is electrodeposition (ED), the experimental 
procedures and results obtained for CdTe layers are presented and discussed in this chapter. 
Chapter 11 focuses on CdTe deposited by PDCMS, describing the experimental process and 
the results achieved. 
Chapter 12 introduces work on anti-reflective coatings for higher efficiency thin film CdTe 
photovoltaic devices by using PDCMS. 
Chapter 13 summarises the conclusions drawn from the previous chapters and provides 
suggestions for future work  
The main objectives for this work were: 
• optimisation of solution based techniques (Chemical Bath Deposition, CBD and 
Electrodeposition, ED) for the deposition of CdS and CdTe thin films  
• optimisation of the high vacuum based technology, Pulsed DC Magnetron Sputtering 
(PDCMS) for the deposition of CdS and CdTe layers, used as a novel deposition 
technique applied to Photovoltaic field 
• Characterisation of CdS and CdTe thin films to understand optical, morphological, 
structural, chemical properties of these layers 
• Comparison between solutions based processes and high vacuum deposition system, 
understanding advantages and disadvanges of these techniques through chemical, 
optical, morphological, structural analyses. 
• Test the real use and application of thin films deposited by PDCMS, including them 
into a final working device, CdTe solar cell.  
.   
Chapter 1 
13 
 
 References 6.
[1] M. Zeman, Solar Cells Course Home, (2008). 
[2] C. Kittel, Introduction to Solid State Physics, eighth edi, John Wiley & Sons, 2005. 
[3] E. Meza, IHS Top 10 predictions for global PV market in 2015 pv-magazine, 08 
January. (2015). 
[4] A. Jäger-waldau, JRC scientific and policy report PV Status Report 2013, 2013. 
[5] IEA. Energy Technology Perspectives. Scenarios & Strategies to 2050, 2010. 
[6] EPIA Annual report 2011, 2011. 
[7] L.L. Kazmerski, Solar photovoltaics R&D at the tipping point: A 2005 technology 
overview, Journal of Electron Spectroscopy and Related Phenomena. 150 (2006) 105–
135. 
[8] EU PV Platform. A Strategic research agenda for photovoltaic solar energy 
technology, 2011. 
[9] Global PV Installations to Hit 15 GW in Q4 2014 - Record Quarter for Solar Industry - 
IHS Technology, (2014). 
[10] Solar PV Industry to Transition to Supply-Driven Market in 2014 , According to NPD 
Solarbuzz, 2014. 
[11] H. Ossenbrink, T. Huld, A.J. Waldau, N. Taylor, Photovoltaic Electricity Cost Maps, 
2013. 
[12] Global market outlook for photovoltaics until 2016, 2012. 
[13] H.C. Kim, V. Fthenakis, J.-K. Choi, D.E. Turney, Life Cycle Greenhouse Gas 
Emissions of Thin-film Photovoltaic Electricity Generation, Journal of Industrial 
Ecology. 16 (2012) S110–S121. 
[14] S. Chuangchote, M. Rachakornkij, T. Punmatharith, Review of Environmental , Health 
and Safety of CdTe Photovoltaic Installations throughout Their Life-Cycle, 2012. 
[15] PHOTOVOLTAIC*SOLAR*ENERGY*DEPARTMENT, N. (CENER), First Solar 
CdTe Photovoltaic Technology : Environmental , Health and Safety Assessment Final 
D Report PHOTOVOLTAIC SOLAR ENERGY DEPARTMENT NATIONAL 
RENEWABLE ENERGY CENTRE ( CENER ) ENERGY AND CLIMATE 
CHANGE AREA, 2013. 
[16] J. Spross, Global Solar Module Prices Just Reached A Record Low, (2014). 
[17] W. Shockley, H.J. Queisser, Detailed Balance Limit of Efficiency of p-n Junction 
Solar Cells, Journal of Applied Physics. 32 (1961) 510. 
[18] L.M. Peter, Towards sustainable photovoltaics: the search for new materials., 
Philosophical Transactions. Series A, Mathematical, Physical, and Engineering 
Sciences. 369 (2011) 1840–56. 
[19] M.A. Green, K. Emery, Y. Hishikawa, W. Warta, E.D. Dunlop, Solar cell efficiency 
tables (version 42).pdf, Progress in Photovoltaics : Research and Applictions. 21 
(2013) 827–837. 
[20] IEA, Technology Roadmap, 2014. 
[21] S.R. Kodigala, Thin Film Solar Cells from Earth Abundant Materials, Elsevier, 2014. 
[22] Renewable energy technologies: Cost Analysis Series Solar Photovoltaics, 2012. 
[23] P. Jackson, D. Hariskos, E. Lotter, S. Paetel, R. Wuerz, R. Menner, et al., New world 
record efficiency for Cu ( In , Ga ) Se 2 thin-film solar cells beyond 20 %, Progress in 
Photovoltaics: Research and Applications. 19 (2011) 894–897. 
[24] X. Wu, High- e fficiency polycrystalline CdTe thin-film solar cells, So ar Energy. 77 
(2004) 803–814. 
[25] First Solar raises bar for CdTe with 21.5% efficiency record, 06. February 2015. 
(2015). 
Chapter 1 
14 
 
[26] A. Luque, S. Hegedus, Handbook of Photovoltaic Science, Wiley, 2003. 
[27] Solar Panels and Home Energy Efficiency - Energy Informative, (2014). 
[28] Solar Solutions & Solar Panels for Home, Business & Utility-Scale, Photovoltaic 
Systems SunPower, (2014). 
[29] Solar News Latest Solar Power and Renewable Energy News, (2014). 
[30] PV crystalox solar PLC annual reposrt and accounts 2013, 2013. 
[31] PV Education, (2013). 
[32] First Solar Module Costs To Almost Halve (While Natural Gas Prices Increase) 
CleanTechnica, (2014). 
[33] H. Katagiiri, K. Jimbo, W.S. Maw, K. Oishi, M. Yamazaki, H. Arakii, et al., 
Development of CZTS-based thin film solar cells.pdf, (2009) 2455–2460. 
[34] T.M. Razykov, C.S. Ferekides, D. Morel, E. Stefanakos, H.S. Ullal, H.M. Upadhyaya, 
Solar photovoltaic electricity: Current status and future prospects, Solar Energy. 85 
(2011) 1580–1608. 
[35] M. Grätzel, Solar energy conversion by dye-sensitized photovoltaic cells., Inorganic 
Chemistry. 44 (2005) 6841–51. 
[36] M. Liu, M.B. Johnston, H.J. Snaith, Efficient planar heterojunction perovskite solar 
cells by vapour deposition, Nature. 501 (2013) 395–8. 
[37] R. Noufi, High Efficiency CdTe and CIGS Thin Film Solar Cells : Highlights of the 
Technologies Challenges, 2006. 
[38] L.P. Panetto, L.R. Cruz, W.A. Pinheiro, J.A.S. Fernandes, Effect of vapor cadmium 
chloride heat treatment on CdS / CdTe solar cells, (2004). 
[39] NREL National Center for Photovoltaics Home Page, (2014). 
[40] A. Rakhshani, Study of Urbach tail, bandgap energy and grain-boundary 
characteristics in CdS by modulated photocurrent spectroscopy, Journal of Physics: 
Condensed Matter. 12 (2000) 4391–4400. 
[41] P.. Kelly, R.. Arnell, Magnetron sputtering: a review of recent developments and 
applications, Vacuum. 56 (2000) 159–172. 
[42] G. Bräuer, B. Szyszka, M. Vergöhl, R. Bandorf, Magnetron sputtering – Milestones of 
30 years, Vacuum. 84 (2010) 1354–1359. 
Chapter 2 
 
15 
 
  Chapter 2
Basics of Photovoltaics and CdTe thin films solar cells 
 
  Introduction to photovoltaics 1.
When a material absorbs a photon, a localised electron-hole pair is formed. This charge-
transfer state either dissociates into a free electron and a free hole, which requires 
overcoming the Coulomb interaction between the two charges, or recombines. To avoid 
recombination, the separation of these charges is the important step. Light with a photon 
energy hυ < Eg is not easily absorbed, while hυ > Eg is absorbed in the material (Figure 7).  
 
 
Figure 7: Schematic diagram for light absorbed and not absorbed when hv < Eg and hν >Eg. 
 
The light intensity as a function of depth into the semiconductor is expressed by I(x) = I0 
𝑒−𝛼𝛼 , where I0 is the initial light intensity (Figure 8), x the distance and α is the absorption 
coefficient measured in cm-1.  
 
Figure 8: Schematic representation of the light intensity as a function of the depth in a semiconductor material. 
hν < Eg hν > Eg
Semiconductor
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0
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x
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Doping is one of the main processes involved in making a solar cell. A material is an n-type 
semiconductor when it has a large electron conductivity compared to the hole conductivity, 
because of the large difference in electron and hole concentrations. This kind of material is 
also called the donor, the electrons are infact the ‘majority carriers’ for current flow in this 
semiconductor (Figure 9 (a)). The opposite situation occurs for a p-type material, where the 
holes are mobile and responsible for the current flow (Figure 9 (b)). This type of 
semiconductor is called the acceptor, and holes can be considered as the ‘major carriers’. The 
doping process consists of the addition of impurities, which contribute to the electron and 
hole energy levels in the semiconductor band gap so that electrons can be easily excited into 
the conduction band for n-type and from the valence band for p-type materials. 
 
 
Figure 9: n-type (a) and p-type (b) materials,with EV valence band energy level, EC conduction band energy level, ED 
donor energy level and EA acceptor energy level. 
In equilibrium conditions, energy levels ED and EA are located closer to the conduction and 
valence bands, depending on the doping process. In non–equilibrium conditions, when bias is 
applied, both electron and hole density increases with a shift of Energy Fermi Ef level (Figure 
10). 
 
 
Figure 10: Schematic diagram showing equilibrium conditions and under bias conditions. 
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p-n junction 
The p-n junction consists of two semiconductor regions with opposite doping brought 
together. Across the junction, driving forces (dynamic equilibrium and electrostatic forces) 
act to move photo-generated charges from the place they are generated. In the n-type material, 
as a result of losing electrons to the other material, a positive charge builds up. The opposite 
occurs in the p-type material, where negative charge builds up. Diffusion processes caused by 
the carrier concentration gradient create an electric field to oppose further charge migration. 
This region is called the space-charge region or depletion region (shown in Figure 11 (a)). 
Upon absorption of a photon with sufficient energy, an electron is able to cross the band-gap, 
Eg, leading to the formation of an electron-hole pair, which can be separated by the electric 
field at the space charge region. It can then be extracted to do useful work. The Figure 11 (b) 
shows a band diagram of a simple p-n junction.  
 
(a)
(b) 
 
Figure 11: p-n junction and the potential difference across the junction (a) band diagram of a p-n junction (b). 
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The open circuit voltage, VOC, of the system is determined by the difference between the n, 
(EFN) and the p-type (EFP) regions of the the device, under illumination. 
The short circuit current, ISC, is given by the amount of photons with energy high enough to 
promote the movement of electrons across the band gap. The band gap of the absorber 
material is a crucial value for the efficiency of the final device. When Eg is low, a large 
amount of photons can be converted into current, but the VOC will be low due to the close 
position of the EFN and EFP. When the band-gap of a material is large, only a small proportion 
of photons can generate current, leading to a small ISC, but with a high VOC. Therefore, there 
is a compromise between the values of ISC and VOC, and theoretical studies have determined 
that absorber layers with a band-gap around 1.4-1.5 eV will lead to the highest efficiency [7]. 
The p-n juction is called a homo-junction, when the two sides of the junction are made from 
the same material. It is called a hetero-junction when the two materials are different. In the 
case of CdTe solar cells, the p-n junction is hetero-junction type. 
The equation used to determine the current flow (Jn) in response to the electric field and 
concentration gradient is: 
𝑱𝒏 = 𝒅𝒅𝒅𝒅𝒅 +  𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒏 = 𝒒𝝁𝒏𝒏Ϛ + 𝝁𝒏𝒌𝒌  𝝏𝒏𝝏𝝏        1 
Where 𝜇𝑛 is the mobility (cm2v-1s-1), n is the carrier concentration (cm-3), Ϛ the electric field 
(Vm-1) and q the electronic charge (1.6 x 10-19C) 
𝑞𝜇𝑛𝑛Ϛ is the drift component of the current and 𝜇𝑛𝑘𝑘  𝜕𝑛𝜕𝛼 the conentration gradient of the 
carriers. 
The carrier concentration can be expressed as a function of the Fermi Energy (EF): 
𝑱𝒏 =  𝝁𝒏𝒏 𝝏𝑬𝒅𝝏𝝏            2      
When equilibrium conditions are reached, the current flow reaches the zero value according 
to dEF/dx that goes to zero (no change in Fermi level position at equilibrium). 
 
Current generation 
When light intensity increases, it means that there are more photons, and more electrons, and 
as a consequence the short circuit current ISC increases. In dark conditions, the junction works 
as a diode, where two–terminal electronic component lets the current flow only in one 
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direction. So the current I can flow under forward bias (V>0) but cannot flow under reverse 
bias (V<0). For an ideal diode the dark current density Jdark (V) is given by:  
𝑱𝒅𝒅𝒅𝒌(𝑽) = 𝑱𝟎 �𝒆𝒒𝑽 𝒌𝒌� − 𝟏�         3  
where Jo is the reverse bias saturation current,  k is Boltzmann's constant and T is 
temperature in degrees Kelvin . 
When the device is illuminated, if the energy of the photons incident on the material is higher 
than the band gap 𝐸𝑔, electrons are excited and holes are created. Due to this process, if 
contacts are connected, a current flow is present, the so called photo-current (𝐽𝐿), which flows 
in the opposite direction to the dark current (𝐽𝑑𝑑𝑑𝑑). 
𝐽𝐿  s defined as: 
𝑱𝑳 = 𝑨 ∫ 𝒃(𝑬)𝑺𝑺(𝑬)𝒅(𝑬)                                                                                                        4 
where 𝐴  is the working area; 𝑏(𝐸)  is the spectral irradiance and 𝑆𝑆(𝐸)  is the spectral 
response (SR) . The spectral response is the ratio of the current generated and delivered to an 
external circuit to the power incident on the device. It depends on the absorption coefficient 
of the solar cell material. SR is a function of the energy and is limited at both long and short 
wavelengths. Any energy above the band gap energy is not utilised by the solar cell and 
instead causes it to heat. At long wavelength, low energy photons are not absorbed; the 
maximum value for SR is at intermediate wavelengths and it is limited by material 
reflectivity. The inability to fully utilise the incident energy at high energies and the inability 
to absorb low energies of light represents a significant power loss in solar cells. When the 
terminals are connected together the current developed is the short circuit current JSC. When 
the terminals are isolated, the voltage developed is called open circuit voltage VOC. For any 
intermediate load resistance RL the cell develops a voltage V between 0 and Voc and delivers 
a current I such that V = IRL and I(V) is determined by the current-voltage characteristic of 
the cell under that illumination (Figure 12). 
The photocurrent generated by a solar cell under illumination at short circuit is dependent on 
the incident light. To relate the photocurrent density, Jsc, to the incident spectrum we need to 
introduce another parameter, the cell’s quantum efficiency (QE). QE(E) is the probability that 
an incident photon of energy E will deliver one electron to the external circuit. Then  
𝑱𝒅𝒔 = 𝒒 ∫ 𝒃𝒅(𝑬) 𝑸𝑬(𝑬)𝒅𝑬           5  
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where bs(E) is the incident spectral photon density, the number of photons of energy in the 
range E to E+dE which are incident on a unit area in a unit time, and q is the electronic 
charge.  
The overall current-voltage response of the cell can be approximated as the sum of photo- 
and dark current, with its conventional negative sign: 
𝑱(𝑽) =  𝑱𝑺𝑺 −  𝑱𝒅𝒅𝒅𝒌 (𝑽) =  𝑱𝑺𝑺 −  𝑱𝟎 (𝒆𝒒𝑽 𝒌𝒌� − 𝟏)        6 
 
  
Figure 12: Current-bias curve under dark and light conditions. 
  
The operating regime for a solar cell is in the bias range 0 - VOC, in which the cell delivers 
power. The cell power density is:  
𝑷 = 𝑱𝑽           7  
The maximum power point Pm occurs at maximum voltage Vm with a corresponding current 
density Jm (Figure 13). The Fill Factor represents the area described by the maximum power 
rectangle divided by the product of the short-circuit current and open circuit voltage. 
𝑭𝑭 =  𝑱𝒎 𝑽𝒎
𝑱𝑺𝑺 𝑽𝑶𝑺            8  
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Figure 13: Current-bias curve with JSC, VOC, Vm, Jm and power density curve. 
 
The efficiency of a cell is the power density at the operating point as a fraction of the incident 
light power density, Ps, dependent on the maximum power point: 
𝜼 =  𝑱𝒎𝑽𝒎
𝑷𝒅
            9  
or it can be related to the fill factor :        
𝜼 =  𝑱𝑺𝑺𝑽𝑶𝑺𝑭𝑭
𝑷𝒅
           10  
These parameters, JSC, VOC, FF and η are the key performance characteristics of a solar cell. 
All of these are defined for particular illumination conditions. The Standard Test Condition 
(STC) applied for solar cells are the Air Mass 1.5 spectrum, incident power density of 1000 
W m-2, and temperature of 25ºC [43]. 
 
 General structure of a thin film solar cell and Cadmium Telluride (CdTe) solar 2.
cells 
In general, these devices are deposited on a supporting substrate, commonly glass, although 
flexible substrates such as metal or polymer foils are currently of great interest. Firstly, a 
front contact is made in order to allow the efficient collection of photo-generated carriers 
onto which the p-n junction is deposited. The p-n junction usually consists of a thin n-type 
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layer with a thicker p-type absorber material. It is also possible to use p-i-n junctions, which 
utilise the “intrinsic” layer between the n and p type to improve photon absorption. Finally, 
the device is completed by a back/top contact. 
Thin film cadmium telluride (CdTe) solar cells can be deposited in substrate and/or 
superstrate configuration (Figure 14). In substrate configuration the light goes through the 
transparent conducting oxide (TCO) electrode into the CdS and finally into the absorbing 
layer (CdTe). The superstrate configuration is the one used commercially, while the substrate 
configuration can be used for flexible cells [44].  
A crucial step in cell design is the choice of an appropriate substrate material which must 
withstand the fabrication process temperatures and be transparent so to allow the incident 
light to pass through to the CdS/CdTe layers [45].  
 
 
Figure 14: A diagram showing the structure of a typical CdS/CdTe solar cell in superstrate and substrate 
configuration. 
 
The efficiency of a solar cell depends on the different deposition conditions used, the quality 
of materials, as well as the structure and morphology of the thin films. The uniformity of the 
deposited layer is also important to avoid spatial disparity in the electrical and optical 
properties of the materials [46]. 
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2.1.Solar cell structure of CdTe 
A schematic diagram of a CdS/CdTe solar cell [47] structure is shown in Figure 15: 
 
Figure 15: Basic CdS/CdTe solar cell structure [47]. 
 
The Glass superstrate is usually a simple glass or a soda-lime, borosilicate glass. 
Impurities in the glass can be crucial to the final performance of the cell. Antireflection 
coatings can be applied to the glass to improve the light transmission into superstrate 
configuration devices. Commonly the choice of substrate is either soda-lime glass or 
borosilicate glass because they are inexpensive, transparent and resistant to relatively high 
temperatures [48]. Depending on their properties, each type of glass substrate can affect the 
growth of the next layer. 
 
TCO: Transparent Conducting Oxide is a coating, such as indium-tin oxide (ITO), 
In2O3:Sn, SnO2, fluorine doped-tin oxide (FTO), SnO2:F, or cadmium stannate, Cd2SnO4. In 
this study FTO has been used as the transparent conducting layer. In particular, TEC glass 
produced by NSG-Pilkington group has been used. It consists of three layers: tin oxide, 
silicon oxide and fluorine-doped tin oxide (Chapter 3). Its multilayer-structure provides 
chemical stability, transparency and a roughness level suitable for thin film PV applications. 
FTO is stable and does not change colour with time. It is resistant to abrasion and it can be 
processed at high temperature without degradation. 
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n-CdS window layer: Cadmium sulphide (CdS) is an important semiconductor material 
widely used in thin film photovoltaics as a window layer [49], [23]. Cadmium sulphide is an 
n-type semiconductor with a direct band gap of 2.42 eV and a bulk refractive index (n) of 
2.52 at wavelength 600 nm [50] which is well suited for its application in solar cells. The 
refractive index value is between the index of the absorber and the TCO contact, which 
allows light trapping by refractive index matching. This means that this material is suitable 
as a window layer. Thin film CdS has been used as a n-type material to form a heterojunction 
in a number of photovoltaic systems including copper indium selenide (CIS) [51], copper 
indium gallium (di)selenide (CIGS) [52][53][54], copper zinc tin sulphide (CZTS) [55][56] 
and cadmium telluride (CdTe) [1][57][58][59][60]. Although research is being conducted to 
evaluate alternatives to CdS in CIGS [7][53][10], the highest efficiency devices utilise a 
CdS window layer [2][8]. The CdS window layer is required to provide good transmission 
of light through to the absorber layer in a thin film photovoltaic (PV) stack. It is desirable to 
keep the CdS layer uniform to suppress shorting effects and as thin as possible (50-100 nm) 
to allow a high fraction of the photons with energy above its band gap to reach the CdTe 
absorber and hence produce a high photocurrent [61]. In addition, CdS has good 
photoconductivity properties, relatively easy doping and low resistive Ohmic contact. 
Furthermore, although still under development, a variety of deposition methods have been 
studied, which provide reproducible uniform, high quality films, with good adherence to 
different substrates. 
To deposit a polycrystalline film of cadmium sulphide on a TCO different deposition 
methods can be used, including: Chemical Bath Deposition (CBD) [7][12][62], 
Electrodeposition (ED) [63], Close Space Sublimation (CSS) [13][64][65][66][67], Radio 
frequency (RF) sputtering [1][68][69][24][70] and High Vacuum Evaporation (HVE) 
[71][6][16][72]. Polycrystalline CdS films exist in two crystalline phases: a metastable cubic 
structure (Zinc blende), with the preferential orientation along the (111) direction and the 
stable hexagonal structure (Wurtzite) with (002) as the preferential orientation/reflection 
[73][74][75]. A mixture of hexagonal and cubic structure has been also reported in literature 
[76]. The structural transition from cubic to the hexagonal form caused by annealing or by 
other post deposition treatments has been investigated [76] [77]. The change in structure is 
accompanied by changes in the band gap energy of the annealed/treated films [78]. A detailed 
analysis of this is provided later in this thesis (Chapters 6, 7, 8). The typical grain size is in 
the range of 0.1 to 0.5 μm and it recrystallises after the CdCl2 treatment [46]. CdS can help to 
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reduce reflection losses. An increase in both light absorption and carrier recombination also 
occurs. The morphology of CdS and its electrical performance depend on the parameters used 
during the deposition process and during any post-deposition treatments. The functionality of 
CdS/CdTe heterojunction solar cells is strongly influenced by the CdS/TCO substrates, since 
in the multi-stack structure of the cell, the physical and morphological properties of each 
layer play an important role in the resulting total efficiency. 
 
p-CdTe absorber layer: CdTe is a p-type semiconductor which works as the absorber layer in 
this type of thin film solar cell. It forms the CdS/CdTe junction [79]. CdTe is a group IIB-VIA 
compound semiconductor, and it exhibits a direct optical band gap (Eg =1.5 eV) which 
optimally matches to the solar spectrum for photovoltaic energy conversion. Because of its 
high absorption coefficient (> 5 x 104 cm-1), and the nearly ideal optical band gap, a high 
quantum yield can be expected over a wide wavelength range, from the UV to the CdTe band 
gap, λ ~ 825 nm. This means that the absorption near the CdTe surface occurs for photons 
with E > Eg, and the required absorber layer thickness to absorb >90 % of the light above the 
band gap is only about 1 μm [80] [81]. Other physical properties such as the high ionic nature, 
high melting point temperature, and large lattice parameter make this semiconductor an 
attractive absorber-layer material for thin-film solar cells [82].  
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Figure 16 shows the theoretical efficiency for a solar cell and the optical absorption 
coefficient as a function of the band gap for CdTe and other materials commonly used in PV 
cells for comparison.  
 
 
Figure 16: Theoretical solar cell efficiency (dotted line) for AM 1.5 spectral irradiance as a function of the band gap 
and absorption coefficient (solid line) as a function of energy for selected semiconducting photovoltaic materials [80].  
 
 
 
 
The phase diagram of CdTe (Figure 17) shows that above 500ºC the stoichiometric 
compound is the stable solid phase [81]. According to the CdTe temperature-atomic % (T-x) 
phase diagram [81], there is a narrow window for stoichiometric composition ~10-6 at. %, for 
temperatures lower than 500°C. CdTe can be Cd- or Te-rich depending on the deposition 
conditions. The CdTe melt temperature, Tm=1092ºC is higher than that of the single elements, 
Cd, Tm=321ºC and Te, Tm=450ºC [83]. Due to the strong ionic behaviour (72 %) of the 
material, the photon energy in the solar spectrum is lower than the energy of CdTe (and also 
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CdS) chemical bonds (>5 eV). This leads to the material being highly stable chemically and 
thermally, without degradation of performance.  
 
[84] 
Figure 17: Cd-Te phase diagram [5]. 
 
Bulk single crystals of CdTe show the zinc blende structure. CdTe thin films can grow in 
both the stable cubic form and the metastable hexagonal form [85]. The hexagonal phase is 
more probable with increasing substrate temperature. The tetrahedral coordination of both Cd 
and Te species is favoured for CdTe in the zinc blende structure [86]. Polycrystalline CdTe 
films show the most intense reflection along the (111) direction together with (220) and (311) 
reflections as shown in the PDF card (Figure 18) [87] [88] [89] [90]. A thickness of a few 
microns results in 99 % of the light entering the layer, being absorbed [91]. CdTe is the only 
compound in the Cd-Te system; it has a highly negative formation enthalpy; the vapour 
pressures of both Cd and Te are much higher than that of CdTe and for this reason the 
annealing process can be carried out whilst maintaining the integrity of the compound [92].  
CdTe can be deposited by RF Sputtering, CBD [93], ED [36], CSS [37], Physical Vapour 
Deposition (PVD) [94] followed by CdCl2 treatment and annealing in air.  
The CdCl2 treatment process greatly enhances efficiency, increasing the conductivity of p-
CdTe. This step is important to change the structural and electrical properties of the absorber 
layer, increasing grain size, removing planar defects and passivating grain boundaries [95]. 
Chapter 2 
 
28 
 
The grain size is in the range of 0.5 to 2 μm, which increases to 5 μm after recrystallisation, 
with irregular morphology and grain boundaries. Imperfections or defects can dramatically 
modify the electrical conductivity of the semiconductor, as they add states in its band gap. 
Depending on the location of their energy states relative to the conduction or valence band 
edge, it is possible to distinguish them as shallow defects and deep states. Shallow defects 
have energy levels within a few tens of meV from the respective band edges and are 
relatively close to the conduction or to the valence band. Deep states can be found typically 
within the middle third of the semiconductor energy band gap [96][97]. In particular, 
cadmium vacancies (VCd) are shallow acceptor states, cadmium substitution for tellurium 
sites (CdTe) and interstitial cadmium (Cdi) are shallow donor states, while interstitial 
tellurium (Tei) is a deep state [80] . 
 
 
 
Figure 18: PDF card for CdTe in the cubic crystalline structure with 2θ values of the characteristic reflections, with 
their intensity and hkl indices [87].  
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One interesting electrical property for CdTe is its amphoteric semiconducting behaviour, 
which makes it possible to dope intrinsically and extrinsically n and p-type [47][98]. In 
general high efficiency CdTe solar cells are based on a p-type CdTe and n-type CdS structure. 
The required electrical properties are obtained by activation treatments which allow the 
introduction of specific impurities into CdTe and CdS thin layers (such as CdCl2, O2, Cu) to 
activate or passivate native defects [99]. However, the presence of imperfections or defects 
disrupts the periodic structure introducing localised electronic states within the band gap Eg. 
The types of defect which control the electronic properties include native defects, and/or 
chemical impurities and they can occur as a substitution of one element or as interstitial 
defects.  
 
Cu/Au or different types of back contact, and are usually annealed. These provide an 
electrical connection to the CdTe, which is a difficult material to produce an Ohmic contact 
to, due to its high electron affinity and high energy band gap.  
 
2.2.Critical issues with CdS and CdTe: thickness, pinholes formation and 
annealing treatment 
When considering all the properties of CdS and CdTe thin films, there are some aspects that 
are considered as critical to the performance of the CdTe/CdS solar cell. Firstly, film 
uniformity and the thickness of the CdS layer affects the cell efficiency [100]. The CdS layer 
can limit current generation by light absorption and this problem can be mitigated by using 
thinner films. Thinner films allow most of the light to pass through, but the layer thickness 
has a lower limit below which it becomes ineffective. As the layer becomes thinner, there are 
other aspects to consider, such as non-optimal electric field distribution and a possible 
increase in non-uniformity. The goal is to minimise the reduction of VOC and FF values, due 
to the presence of pinholes, leakage along grain boundaries and maximise the transmission of 
the light through the layer. According to the literature, CdS layers have an optimum thickness 
around 100 nm [8]. Reducing the thickness further (lower) than 80 nm, results in severe 
losses in 𝑉𝑂𝑂 and 𝐹𝐹, due to non-uniformity (loss of continuity) of the CdS. 
Another important issue for both CdS and CdTe film deposition is the formation of pinholes. 
Therefore, substrate cleaning and post-deposition treatments also have a significant influence 
on the material properties and performance. Different attempts have been made to overcome 
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these problems, as the deposition of a thin layer of CdS with a second layer of small grains in 
order to fill pinholes (~80 nm), generating a bi-layer structure can improve the short circuit 
current of the cell [101]. In addition, during post-deposition treatments, interdiffusion 
between S (from CdS) and Te (from CdTe) generally occurs, which results in CdS 
consumption. Therefore, this method could be useful as a protection of the junction properties 
and conservation of the CdS layer integrity. By using a bi-layer structure, pinhole formation 
is reduced, maintaining a relatively thin CdS layer . Other studies have been performed by 
post-deposition treatments of the films. 
Thermal treatment of CdS and CdTe films promote changes in morphology and grain 
orientation. The heat treatment can be carried out in a different atmosphere or an additional 
post-deposition treatment can be performed using CdCl2 [102]. Post-deposition treatments 
can be performed on films which have been deposited using different deposition processes. 
Depending on the deposition process employed, the as-deposited film can be amorphous, 
metastable cubic, mixed cubic/hexagonal. The treatments are carried out at temperatures 
above ~300°C to allow rearrangement of the neighbouring atoms. These processes lead to 
good crystallinity of the CdS and influences the growth of the subsequent CdTe layer [103]. 
The effect of post deposition treatments, depends on the deposition conditions of the as-
deposited CdS [104]. The cadmium chloride (CdCl2) treatment, also known as the ‘activation 
process’ is a vital process to dramatically improve the efficiency of CdS/CdTe devices. The 
benefits of CdCl2 treatment are well established. They involve change in the surface 
morphology of the films, grain growth and coalescence, recrystallisation, reduction in optical 
losses, enhancement of CdTe p-type conductivity, passivation of interface defects, reduction 
in planar defects, randomisation of CdTe film orientation, change in concentration and 
distribution of trapping states, enhanced charge separation increasing hole depletion near 
grain boundaries and enhanced carrier collection [61]. 
Mismatch is important at the SnO2 (substrate)-CdS interface, but interdiffusion effects and 
lattice match are much more important at the CdS-CdTe interface. Depending on the 
deposition technique [105], the amount of oxygen in the CdS film plays a role in the 
interdiffusion process between the two semiconductor layers. Several effects at the two 
interfaces have to be considered and a good compromise between them has to be reached 
during device engineering.  
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A number of these critical issues have been investigated in this thesis and the results are 
reported in the following chapters.  
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  Chapter 3
Thin Film processing methods for CdTe solar cells 
 
 Plasma Cleaning 1.
The presence of contaminants and native oxides can affect the growth mode and the 
properties of the deposited film and the subsequent performance of electronic devices and 
solar cells [106]. Plasma cleaning is an effective, environmentally safe, economical method 
for treating surfaces. It is used to remove surface contaminants by low energy ion 
bombardment and by ultra-violet light generated in the plasma which is able to break down 
organic bonds and carbon residues.  
The first step in processing CdTe solar cells in this thesis focused on studying the activation 
of the surface of the FTO substrate by applying a plasma pre-treatment to the sample. This 
was found to be an important processing step to avoid the presence of pinholes in subsequent 
layers  
 
1.1.What is a plasma? 
A plasma is considered to be the fourth state of matter because its properties are similar to 
those of the gas and liquid phase, but it cannot be defined as either of them. Plasma is a 
partially, or wholly, ionised gas with an equal number of positive and negative charged 
particles. Electrons and ions as free electric charges make the plasma electrically conductive 
and responsive to electromagnetic fields. 
Some of its many features make it attractive for applications in chemistry and other 
disciplines. The temperatures (electron temperature) of some plasma components and their 
energy density can reach values that greatly exceed those in conventional chemical 
technologies. Electrons, ions, atoms and radicals, in excited states, and photons at different 
wavelengths, are obtained in high concentrations as energetic active species. The plasma is 
far from thermodynamic equilibrium, keeping the bulk temperature as low as room 
temperature [107]. 
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In a typical plasma system, the glow discharge is created by evacuating a vacuum vessel, 
made from an inert material, usually quartz, stainless steel or aluminium and refilling it with a 
low-pressure gas. It is possible to use different power supplies including radio frequency (RF), 
microwave (MW) and alternating or direct current (AC or DC). More recently pulsed DC and 
High-power Impulse Magnetron Sputtering (HIPIMS) supplies have also become available. 
The surfaces in contact with the gas plasma are bombarded by activated energetic species and 
their energy is transferred from the plasma to the material [108].  
Plasma treatments are used to clean surfaces of metals, plastics, glass or polymers to remove 
contaminants and impurities. These can exist in the form of residues, anti-oxidants, carbon 
residues and other organic contaminants. It is important to choose the correct plasma gas, as 
gases react in different ways to remove contaminants on surfaces. For example, to remove 
organic contaminants, an oxygen plasma followed by an argon plasma is commonly used. In 
this way, the oxygen plasma is responsible for cracking the organic hydrocarbon molecule 
(i.e., C–H, C–C, C=C, C–O, and C–N). Oxygen species created in the plasma (O2+, O2−, O3, 
O, O+, O−, ionised ozone, metastable excited oxygen, and free electrons) react with the 
organic residues to form H2O, carbon monoxide (CO) and carbon dioxide (CO2). Any other 
remaining oxide layer is removed from the surface by argon plasma bombardment. These 
compounds have high vapour pressures and are evacuated from the chamber during 
processing, leaving the surface perfectly clean (Figure 19). 
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Figure 19: Schematic diagram showing a plasma surface treatment reactor. 
 
A wide range of parameters can affect the chemical and physical characteristics of the plasma 
and the chemistry of the treated surface. These include reactor design, gas inlet and vacuum, 
electrode location, power, temperature, gases ratio, pressure and treatment time. 
 
Experimental details for plasma cleaning 
For this study the substrate was treated using 20 sccm O2 / 30 sccm Ar plasma, for 5 min, in a 
Glen100-P AE Advanced Energy parallel plate plasma reactor, prior to the CdS film growth. 
The plasma power was set at 100 W and at a pressure of between 335 and 273 mTorr. 
Electrodes and sample trays are 406.4 mm x 406.4 mm in area using perforated aluminium of 
thickness 3.175 mm. The parallel electrodes are used to provide uniform plasma across the 
sample area. All substrate surfaces are treated to the same degree, irrespective of their 
position on the sample tray. The plasma treatment reactor was a parallel plate system using 
AC plasma power source with potential for three gas admittance lines. The system was 
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pumped to a pre-process pressure of 332 mTorr using a rotary pump (details are provided in 
chapter 5). 
 
 CdS thin films 2.
The functionality of CdS/CdTe heterojunction solar cells is determined by the CdS/TCO 
substrate utilised, since in the multi-stack structure the physical and morphological properties 
of each layer play an important role in the resulting total efficiency of the cell. 
A wide range of techniques have been used to deposit CdS layers, including Close Spaced 
Sublimation (CSS), Chemical Bath Deposition (CBD), vacuum evaporation, spray deposition, 
Electrodeposition (ED), RF sputtering and Chemical Vapour Deposition (CVD). 
[109][110][100][111][102][103]. The deposition technique used will affect the grain size, 
orientation and crystallographic phase of the material. 
Closed-space sublimated (CSS) CdS films generally show the hexagonal crystalline structure. 
While CBD CdS usually results in the cubic phase, which transforms into the more stable 
hexagonal structure after an annealing treatment [112]. CBD CdS films are characterised by 
the presence of oxygen in the coatings, which affects the interdiffusion process between CdS 
and CdTe [105]. Controlling the interdiffusion between CdS and CdTe layers is useful to 
overcome the lattice mismatch between CdS and CdTe which is ~ 10 % with high defect 
density at the interface [113]. 
The common vacuum-based techniques used to deposit CdS window layers are RF Sputtering 
and Physical Vapour Deposition (PVD) [114]. According to the literature RF sputtered as-
deposited films develop a hexagonal structure with preferential orientation in the <002> 
direction and a grain size dependent on film thickness [109]. Similar to CSS-deposited CdS, 
for PVD CdS films, the crystalline phase is hexagonal with preferential orientation in the 
<002> direction. The deposition temperature is another crucial parameter, the higher the 
temperature the more intense the preferred orientation. Also the band gap is affected by the 
deposition and annealing temperature. After annealing the film has been observed to be more 
textured. 
Alternative non-vacuum, atmospheric pressure techniques used to deposit CdS are 
electrodeposition and Metal-Organic Chemical Vapour Deposition (MOCVD). After 
annealing, the electrodeposited CdS possesses a hexagonal structure. MOCVD deposition 
Chapter 3 
 
40 
 
also occurs at atmospheric pressure, using organometallic precursors such as dimethyl 
cadmium (DMCd) and ditertiarybutylsulphide (DTBS). The CdS layer is generally doped 
with nButylChloride (nBuCl). The resulting CdS layer results in epitaxial growth of the 
deposited CdTe layer [110].  
 
2.1.Chemical Bath Deposition  
Among the various deposition methods available for this study, it was decided to investigate 
the use of a non-vacuum and low cost technique, Chemical Bath Deposition (CBD). This is 
considered to be one of the most promising methods, which produces high quality films, with 
a few defects and a good stoichiometry. Furthermore, it is a low cost process that is scalable 
for large-area processing [115]. 
The CdS film growth is created by the reaction between Cd2+ and S2- ions in an alkaline 
solution. Usually the solution contains Thiourea (CS(NH2)2) and a cadmium salt (see 
reactions below), as the main reactants. Many studies have focused on the optimisation of the 
reaction conditions to produce CdS films suitable for solar cells. The literature includes a 
wide variety of recipes in which different parameters have been changed to test their effect on 
the film properties [13] [14] [15] [16] [17].  
CBD can be used to deposit any compound that satisfies four basic requirements:  
 
 the material must be prepared by simple precipitation, 
 the compound is highly insoluble in the solution,  
 the compound is chemically stable in the solution, 
 the reaction should proceed with a free anion that is generated slowly [62]. 
 
Most CBD reactions are carried out in alkaline solution. To prevent the precipitation of metal 
hydroxides, a complexing agent (ligand) is added to the Cd salt to form a cadmium complex 
species in the solution [116]. The complexing agent also reduces the concentration of free 
metal ions, leading to the slow release of Cd2+ ions, which helps to prevent rapid bulk 
precipitation of the desired product. The S2- ions are supplied by the decomposition of 
Thiourea [61][117].  
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2.1.1. Chemical mechanisms proposed in literature 
Chemical deposition has been in use for a long time and the reactions involved are 
straigthforward, even if the mechanism of the process is often unclear. There are several 
proposed mechanisms and they can be divided into four different types . 
 
 Ion-by-ion mechanism: 
 
(dissociation of complex to free Cd2+ ions) 1.  𝐶𝐶(𝑁𝐻3)42+ ↔  𝐶𝐶2+  + 4𝑁𝐻3                                           
 
(formation of sulphide ions) 2.  (𝑁𝐻2)2𝐶𝑆 + 2𝑂𝐻− →  𝑆2− + 𝐶𝑁2𝐻2 + 2𝐻2𝑂                                  
 
(CdS formation by ionic reaction) 3.    𝐶𝐶2+ + 𝑆2− →  𝐶𝐶𝑆(𝑠)                                                      
 
 Cluster (hydroxide) mechanism 
 
(formation of a solid Cd(OH)2 cluster) 4.     𝑛𝐶𝐶2+ + 2𝑛𝑂𝐻− ↔  [𝐶𝐶(𝑂𝐻)2]𝑛                                          
 
(exchange reaction) 5.    [𝐶𝐶(𝑂𝐻)2]𝑛 +  𝑛𝑆2− (from reaction 2.)→ 𝑛𝐶𝐶𝑆 + 2𝑛𝑂𝐻−                     
 
 Complex decomposition ion-by-ion mechanism 
 6.   (𝑁𝐻2)2𝐶𝑆 + 𝐶𝐶2+ ↔ [(𝑁𝐻2)2𝐶𝑆 − 𝐶𝐶]2+                                                                        
 7.   [(𝑁𝐻2)2𝐶𝑆 − 𝐶𝐶]2+ + 2𝑂𝐻− →  𝐶𝐶𝑆 + 𝐶𝑁2𝐻2 + 2𝐻2𝑂                                                    
 
 Complex decomposition cluster mechanism 
Chapter 3 
 
42 
 
 8.  [𝐶𝐶(𝑂𝐻)2]𝑛 (𝑓𝑓𝑓𝑓 𝑓𝑒𝑟𝑟𝑟𝑖𝑓𝑛 4. ) + (𝑁𝐻2)2𝐶𝑆 ↔ [𝐶𝐶(𝑂𝐻)2]𝑛−1(𝑂𝐻)2𝐶𝐶𝑆𝐶(𝑁𝐻2)2       
  9.  [𝐶𝐶(𝑂𝐻)2]𝑛−1(𝑂𝐻)2𝐶𝐶𝑆𝐶(𝑁𝐻2)2 → [𝐶𝐶(𝑂𝐻)2]𝑛−1𝐶𝐶𝑆 + 𝐶𝑁2𝐻2 + 2𝐻2𝑂          
 
This reaction will continue until conversion of all the 𝐶𝐶(𝑂𝐻)2 into CdS [118]: 
 
The first two mechanisms involve free sulphide and cadmium ions, whilst the last two 
mechanisms involve carbon-chalcogen bonds but no free chalcogenides. It is also possible 
that more than one mechanism occurs at the same time and that other conditions change 
during the process thereby modifying the deposition mechanism.  
The most commonly considered mechanism for the CdS growth is by ion-by ion, in a solution 
consisting of ammonia (NH3), Thiourea CS(NH2)2 and a cadmium salt (CdSO4 or 
Cd(CH3CO2)2) [119][120]. 
S2- ions are products of the alkaline hydorolysis of CS(NH2)2 and Cd2+ ions are produced by 
the dissociation of the amino complex. The coordination number (n) of this cadmium-
ammonia complex is in the range 1 to 6 depending on the ammonia concentration [62]. When 
the product of S2- and Cd2+ ion concentration is higher than the solubility product of CdS, ks = 
~10-25, CdS starts to precipitate in the solution. 
According to this classical model, an homogeneous mechanism occurs, with the formation of 
the CdS precipitate dominating the CdS thin film formation on the surface of the subtrate 
immersed in the reaction solution (see below). Two kinds of precipitation occur:  
homogeneous and heterogenenous. The first one is a reaction in the bulk solution, where 
colloidal CdS or cluster aggregates are produced. The heterogeneous precipitation occurs on 
the substrate surface. 
The mechanism proposed by Ortega-Borges and Lincot [121] for this is as follows: 
1. Reversible adsorption of hydroxo-cadmium species: 
𝑺𝒅(𝑵𝑯𝟑)𝒏𝟐+  + 𝟐𝑶𝑯− + 𝒅𝒅𝒅𝒆 𝒌±𝟏��  𝑺𝒅[(𝑶𝑯)𝟐]𝒅𝒅𝒅 + 𝒏𝑵𝑯𝟑    11 
2. Adsorption of thiourea by formation of a metastable complex: 
𝑺𝒅[(𝑶𝑯)𝟐]𝒅𝒅𝒅 + 𝑺𝑺(𝑵𝑯𝟐)𝟐  𝒌𝟐→  [𝑺𝒅(𝑶𝑯)𝟐𝑺𝑺(𝑵𝑯𝟐)𝟐]𝒅𝒅𝒅≠     12 
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3. Formation of CdS by the metastable complex decomposition: [𝑺𝒅(𝑶𝑯)𝟐𝑺𝑺(𝑵𝑯𝟐)𝟐]𝒅𝒅𝒅≠   𝒌𝟑→  𝑺𝒅𝑺 + C𝑵𝟐𝑯𝟐 + 𝟐𝑯𝟐𝑶 + 𝒅𝒅𝒅𝒆    13 
In this mechanism the rate-determining step is the metastable complex decomposition, so the 
metastable complex species adsorption (eq. 2) is responsible for the CdS film formation on 
the substrate [122].  
According to Y.J.Chang et al. the CBD growth mechanisms appears to be similar to those in 
CVD, and the processes involved are mass transport of reactants, adsorption, surface 
diffusion, reaction, nucleation and growth [123]. 
Figure 20 shows a schematic diagram of the CdS growth mechanism based on two major 
reactions: homogeneous particle formation and heterogeneous surface reaction. 
 
Figure 20: A schematic diagram of the CBD mechanism [12]. 
 
In the bulk solution the Cd2+ ions complex with ammonia, producing tetra-amino-cadmium 
complex ion 𝐶𝐶(𝑁𝐻3)4+. Free sulphide ions, S2-, are released from CS(NH2)2 by a hydrolysis 
reaction and then CdS particles are obtained in the bulk solution from the reaction between 
Cd2+ and S2-.  
Simultaneously, the complex ions on the surface react with hydroxide ions to form the 
adsorbed complex [𝐶𝐶(𝑂𝐻)2𝑆𝐶(𝑁𝐻2)2]𝑑𝑑𝑠≠  [62], this reacting with CS(NH2)2, forms the 
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metastable species [𝐶𝐶(𝑂𝐻)2(𝑁𝐻3) 2𝑆𝐶(𝑁𝐻2) 2]𝑑𝑑𝑠, which finally decomposes to form CdS 
[124]. 
Kaur et al. suggested ion-by-ion growth in which the presence of colloidal particles will 
impact the film quality, promoting loose and powdery CdS films [125]. 
Their mechanism starts with the formation of Cd2+ ions in solution, originated from salts, 
such as CdSO4, Cd(NO3)2, Cd(CH3CO2)2 and CdCl2. In alkaline solution ammonium 
hydroxide provides ammonia in the solution: 
𝑵𝑯𝟒
+ + 𝑶𝑯− ↔ 𝑵𝑯𝟑 + 𝑯𝟐𝑶         14 
Cadmium ion complexes reacting with the ammonia and sulphide ions released by CS(NH2)2  
produce CdS. Free Cd2+ and S2- ions can react either through an homogeneous or an 
heterogeneous process. The more likely mechanism is that of the homogeneous nucleation 
process rather than heterogeneous [26]. They identified three main deposition regimes. The 
first one is called the induction or coalescence regime with nucleation centre formation, with 
a slow reaction rate. The second is the compact layer growth regime through the surface 
reactions which provides high quality films with good adhesion. The last one is a porous 
layer regime due to colloidal sticking caused by homogeous CdS particle formation.  
Mazon-Montijo et al. suggested a similar mechanism based on nucleation, particle growth and 
final growth. [126] The first step leads to the formation of particles on the substrate. The 
growth of the film depends on the different deposition conditions chosen, it may occur by a 
condensation mechanism called ion-by-ion, by adsorption of colloidal particles, called 
cluster-by-cluster or by both mechanisms, known as mixed growth.  
Various studies performed on the CdS growth mechanism, have also led to theories relating 
to the process, the role of chemical species involved and how they act to form the film on the 
substrate. Some of them agree on the necessary presence of cadmium hydroxide, Cd(OH)2, to 
allow the CdS film growth and adhesion to the substrate. Others use the hypothesis that once 
CS(NH2)2 hydrolysis occurs, the Cd(OH)2 layer is replaced with a layer of CdS; hence there 
are more free sulphide ions in the solution [120]. (𝑵𝑯𝟐)𝟐𝑺𝑺 + 𝟐𝑶𝑯− →  𝑺𝑯𝟐𝑵𝟐 + 𝟐𝑯𝟐𝑶 + 𝑺𝟐−                                                                15 
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Kaur et al. [127] found solution conditions under which CdS films were formed in the 
absence of Cd(OH)2 precipitate, where NH3 plays a major role in determining the quality of 
the films [128].  
A wide range of parameters are involved in this process, and the literature reveals [125], that 
it is possible to modify the reaction system, changing the reactants, choosing for example 
different cadmium salts, like CdCl2, Cd(CH3COO)2, CdSO4 or Cd(NO3)2 [120][129] or 
different sources for sulphide ions like CS(NH2)2, thioacetamide, sodium thiosulphate or 
sodium sulphide [126][130]. 
Another parameter investigated is the ligand used. In general ammonia is used, but due to its 
high volatility, ethylenediamine has been used as an alternative [131]. Various studies have 
investigated different deposition temperatures, deposition times, thicknesses of the film, 
morphological, structural, optical and electrical properties, or adding ultrasonication during 
the deposition (it will be discussed further in this chapter) [62][116][132][133][134].  
Ouachtari et al. [135] tested different initial solutions to grow CBD-CdS films, prepared 
from anhydrous cadmium chloride (CdCl2), CS(NH2)2, NH3 as a complexing agent, and 
ammonium chloride (NH4Cl). CdCl2 has been used as a source for Cd2+ and Thiourea for S2-. 
During CdS film deposition, the formation of Cd(OH)2 occurred as a competing process in 
the bath. NH3 is a source of OH- ions. A true complexing agent was needed to control the 
slow release of metal ions and sulphur ions in order to improve homogeneity of the thin films 
as well as the growth rate. This study found that good quality CdS thin films, with a wurtzite 
structure, could be grown by using cadmium chloride and Thiourea as sources of cadmium 
and sulphur ions, respectively.  
Some researchers have investigated different Cd sources (e.g. CdCl2, Cd(NO3)2, CdI2/ 
Cd(CH3COO)2 and CdSO4) in order to study their influence on the electrical/optical 
/structural properties and surface morphology of CdS films deposited by CBD [129][136].  
It has been shown that CdCl2-based films have better optical transmission, greater uniformity 
and a smoother surface compared with films prepared with other Cd salts [119]. The optical 
band gap was found to increase in the order CdCl2, Cd(NO3)2, CdI2/ Cd(CH3COO)2 and 
CdSO4, whereas the thickness increases in the order CdI2, CdCl2, Cd(NO3)2/ Cd(CH3COO)2, 
CdSO4. For all Cd sources the films were found to be cubic in structure regardless of the Cd 
salt used. All the films exhibit high transmittance ~75%, low absorbance and low reflectance 
in the region from ~500 nm onwards [136].  
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The grain size decreases in the order CdSO4 CdCl2 Cd(CH3COO)2 CdI2. The use of CdCl2 
and CdI2 results in highly stoichiometric films (S:Cd=1:1).  
Literature reports [73][137][74][138] that the stable structure for CdS is the hexagonal phase, 
while the cubic structure is metastable [139][140]. The most common crystalline structure 
obtained by CBD is cubic but it changes into hexagonal by annealing at around 300ºC [75] 
[77][73][137]. Nevertheless some authors [133][141][142] report that the as-grown CBD-CdS 
film (from a basic aqueous bath) is characterised by the hexagonal structure [143]. There are 
also studies [144] [127] that infer the existence of both hexagonal and cubic phase as a mixed 
structure depending on the deposition conditions (Figure 21). 
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Figure 21: simulated XRD powder patterns for CdS cubic and CdS-hexagonal phases [145] (a). Typical XRD pattern 
of CBD-CdS thin film as grown [143] (b). 
 
2.2.Growth mechanism 
A growth mechanism for CdS thin films has been assumed from the literature, and the 
experimental work presented in this thesis. The layer deposition can be divided into 
three steps: 
1. Induction period 
Consisting of ion formation by the reactions: 
𝑺𝒅(𝑵𝑯𝟑)𝟒𝟐+  ↔  𝑺𝒅𝟐+ + 𝟒𝑵𝑯𝟑         16 
 
𝑺𝑺(𝑵𝑯𝟐)𝟐 + 𝟐𝑶𝑯−  →  𝑺𝟐− + 𝑺𝑵𝟐𝑯𝟐 + 𝟐𝑯𝟐𝑶        17 
Through these reactions it is possible to have the ions 𝐶𝐶2+  and  𝑆2−  in the solution by 
decomposition of 𝐶𝐶(𝑁𝐻3)42+ complex ions and thiourea hydrolysis in alkaline medium. This 
last reaction consumes hydroxide ions tending to decrease the starting pH value (12) of the 
reaction mixture.  
2. Layer growth period by “ion by ion” mechanism 
The ions formed are absorbed on the substrate, followed by chemical reaction between these 
species and the ion by ion mechanism starts to work. This growth is enhanced by the 
hydrophilic surface, where Cd(OH)2 nuclei are formed by absorption of OH- ions from the 
solution. The Cd(OH)2 then reacts to form CdS [120]. 
𝑺𝒅𝟐+ +  𝑺𝟐− →  𝑺𝒅𝑺(𝒅)          18 
Two kinds of precipitation occur during this process, one is the heterogeneous precipitation 
which takes place on the substrate. This has been tested during the present experimental work, 
this is the first type of precipitation that occurs in the chemical bath. The substrate changes 
colour, from transparent to pale-yellow, after a few minutes from the starting point of the 
experiment. The second type of precipitation is the homogeneous one which occurs in the 
bulk solution, where CdS colloids or aggregates are produced. 
3. Layer growth period by “cluster by cluster” mechanism 
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Once the CdS colloids are formed in the bulk, they adhere to the substrate or over the layer 
previously deposited. The result is a porous less adherent layer on the top surface. 
It has been assumed that this third step of the process takes place at higher concentrations and 
for long reaction times. The non-adherent clusters precipitate on the bottom of the reaction 
beaker and it is possible to observe them directly in the solution. 
 
For hetero-epitaxy, which means that the film and substrate are different materials, there are 
three main thin films growth modes, which are shown in the Figure 22, and which are 
determined by the surface free energies not only of the substrate but also of the materials 
deposited. 
 
 
Figure 22: A schematic diagram showing  three growth modes for thin films. 
 
The Frank van der Merwe or layer by layer mode shows how a new layer is nucleated only 
after completion of the layer below, this growth occurs over long distances in the ideal case. 
In general it yields the highest crystalline quality, and it occurs when film atoms are more 
strongly bound to the substrate than to each other. 
Frank-van der Merwe Volmer-Weber Stranski-Krastanov
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The Volmer Weber or island growth consists of a first phase of a large number of surface 
nuclei followed by a second phase where they spread, forming three dimensional islands. 
Here, film atoms are more strongly bound to each other than to the substrate. 
Finally the Stranski-Krastanov or mixed growth is considered as intermediate of the previous 
ones; initially it is a layer by layer growth followed by the appearance of three dimensional 
islands.  
 
Experimental details for CdS thin films deposited byCBD  
In this study CdS thin films were deposited by CBD, the reaction occurs in a beaker 
immersed in a water jacket to ensure constant temperature (70ºC). The bath solution was 
made of 200 ml of de-ionized water, 15 ml of Cd(CH3COO)2 0.01 M, 25 ml of NH4OH 25%, 
and 10 ml of CS(NH2)2. A magnetic bar was used to stir the solution to accelerate the reaction 
kinetics. After, the stirrer was replaced by the ultrasonic probe. (Details are in chapter 5 and 
6). 
 
 Pulsed DC Magnetron Sputtering of CdS 3.
A novel vacuum-based process has been chosen for the deposition of CdS thin films for this 
thesis, Pulsed DC Magnetron Sputtering (PDCMS). 
Deposition of films by sputtering was first observed in 1852 by Grove [146], it was used 
through the 1920s for depositing reflective coatings and thin films samples. The 
implementation of this technique has changed dramatically since the introduction of 
magnetron systems in 1970s [147]. Magnetron sputtering has become the process of choice 
for the deposition of a wide range of coatings such as low friction coatings, corrosion-
resistant coatings, coatings with specific electrical or optical properties [148]. The reason 
behind the development of this process has been the increasing demand of high quality 
functional films in a variety of sectors and application areas.  
The basic sputtering process is characterised by a target plate, called the cathode, which is 
bombarded by energetic ions generated by the glow discharge plasma in front of the target. 
Free ions and electrons are attracted to opposite electrodes producing a discharge. However, 
in order to obtain a self-sustained discharge, regeneration of the electrons by the positive ion 
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bombardment of the cathode is required. This produces secondary electrons and enhances 
ionization. This bombardment is responsible for the removal of target atoms (from which the 
term ‘sputtering’ derives), either individual atoms, clusters of atoms or molecules. These 
neutral particles once ejected, travel until they then condense on a substrate, making a thin 
film [149] [150]. The basics of the sputtering process have been known and used for many 
years [151]. Generally, in sputtering there are different ways of operation: DC (diode and 
triode) and AC (radio-frequency, RF). However, low deposition rates, low ionisation 
efficiencies in the plasma, high substrate heating effect are limitations for this process. 
To overcome all these negative issues, magnetron sputtering has been highly developed [152] 
[153]. This technology has resulted in higher plasma density, an arc suppression process and 
high deposition rates.  
Magnetrons are important because the magnetic field, being parallel to the target surface, 
constrains secondary electrons motion near the target. The common features of magnetrons 
are shown in the cylindrical geometry in Figure 23. One magnetic pole is positioned at the 
central axis of the target and the second one is made by a ring of magnets placed at the outer 
edge of the target. In this way the electrons are trapped, increasing the ionising electron-atom 
collisions. In fact the combined effect of the electric field and the orthogonal magnetic field is 
to confine the electrons in cycloid paths around the target, while they are free to move 
parallel to the target surface along the magnetic field lines [147] [154]. Therefore, the path of 
the trapped electrons is significantly longer than the distance between the electrodes. This 
means that the trapped electrons are forced to make many more collisions with the working 
gas while trapped in front of the target. Consequently, the increased number of collisions 
between the working gas and the secondary electrons produce more electrons for sputtering. 
This is the reason why the use of magnetrons provides dense plasmas in the target region. 
This causes the increased ion bombardment of the target, increasing the ionisation probability 
and thus the plasma density also in regions far from the target. This results in higher 
sputtering rates at the target and higher deposition rates at the substrate. The increased 
ionisation efficiency allows the discharge to be maintained at a lower operating pressure (10-3 
mbar, instead of 10-2 mbar) and also at a lower operating voltage (-500 V instead of -2, -3 kV) 
than in the basic sputtering mode. 
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Figure 23: Schematic cross section of a cylindrical magnetron with the magnetic field, B. parallel to the axis of the 
cylinder. The electric field, E, is radial, with the voltage drop across the dark space which is typically less than 5 mm 
thick. 
 
More recently the development of unbalanced magnetron sputtering has further improved the 
technology. In conventional magnetron sputtering (Figure 24 (a)), the plasma is totally 
confined to the target region. In this way, substrates locate within a range of ~60 mm from 
the target surface can be affected by the dense plasma, while those placed outside this region 
are affected by a low plasma density [155]. Due to the high concentration of electrons trapped 
in the region above the target, the ionisation of the carrier gas is more heavily concentrated in 
the same region. This causes the depletion of the source material over the target area, where 
the magnetic field is parallel to the target face, a highly non uniform plasma density, which 
results in simultaneous material removal and eventually re-deposition in adjacent target 
regions [156].  
The energy of the bombarding ions depends not only on the working gas pressure, the voltage, 
the current and the magnetic field configuration, but also on the negative bias applied to the 
substrate and the distance between substrate and target. To increase the energy of the 
bombarding ions, it is possible to increase the negative bias on the substrate. Increasing the 
energy of the sputtered material can increase the probability of defects and increased film 
stress. To deposit dense films, avoiding excessive intrinsic stress, a high flux (> 2 mA/cm2) of 
low energy (< 100 eV) ions is required [157]. These are the conditions provided by 
Plasma
Initial electrons
Dark space
B (out)
E
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unbalanced magnetrons, where the field lines are not totally closed between the central and 
the outer poles in the magnetron, but some are directed towards the substrate. Some of the 
secondary electrons follow these field lines. As a consequence, the plasma is not confined to 
the target region, but it is allowed to spread out towards the substrate [41]. Most of the 
electrons are confined in the so called magnetic-trap, close to the target, approximately within 
the dark space distance (typically <5 mm), while ions are accelerated to the target for 
sputtering [147] [158]. 
With this unbalanced field configuration (Figure 24 (b)), the ion current at the substrate is 
directly proportional to the target current, and the deposition rate is also directly proportional 
to the target current. 
 
 
Figure 24 : A schematic diagram showing :(a) balanced, and (b) unbalanced planar magnetron sputtering targets. 
(http://pubs.rsc.org/en/content/articlehtml/2006/jm/b506228d#cit32) 
 
Unbalanced magnetron DC sputtering is a useful configuration: for the same applied voltage, 
the typically drawn current is one to two orders of magnitude more than with magnetron 
sputtering with simple DC discharges. This leads to higher deposition rates (in the range of 1 
nm/s to 10 nm/s), or alternatively, lower applied voltage compare to conventional DC and RF 
sputtering. Other advantages of magnetron sputtering are the coating uniformity, the 
possibility to scale up the process, growing dense and well-adherent coatings, availability of a 
wide range of film materials and the tunability of film properties [42] [70]. 
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3.1.Pulsed DC magnetron sputtering 
Pulsed DC magnetron sputtering (PDCMS) is a recently developed process that overcomes 
those limitations encountered when operating in reactive sputtering mode. It has industrial 
applications for coatings and thin films [159][160][161][162]. In particular this process has 
been useful for the production of insulating films such as oxides. Oxide coatings can be 
deposited by reactive magnetron sputtering and also by direct RF (radio frequency 13.56 
MHz) sputtering of an oxide target. However, both of these processes have limitations. RF 
sputtering can provide high quality films but with the drawbacks of low deposition rates 
(typically in the range of ~0.3 nm/s [163] [70]) and the use of complex matching circuits [68] 
[164]. The main problem associated with reactive magnetron sputtering is caused by arcing 
events [159] [41] [165] [166]. Generally, the atoms in proximity to the target are in two 
physical states: gaseous or plasma. The plasma state is originated by the ionisation of the gas 
and it is the source of the sputtering ions. The plasma density is determined by the electron 
density, which in turn is dependent on the magnetic field. Due to for example, a field 
emission from the target, or a breakdown of the target because of electric forces, electrons at 
high rate populate the plasma, attracting ions, which form a sheath around the incoming 
electrons. So that a thread of ions and electrons bridges the cathode gap, forming what is 
called an ‘arc’. Arcing appears mainly on the portion of the target surface which is strongly 
bombarded by positive ions and where dielectric coatings are deposited [167]. When 
depositing dielectric thin films, there is the high possibility of coating the inside surfaces of 
the deposition chamber with non-conductive layers. These accumulate electric charges from 
the plasma. These are then responsible for the formation of mini- or macro- arcs which cause 
the ejection of material from the target surface. This ejected material, in turn, causes defects 
in the growing films, altering properties such as composition and structure. Arcing can also 
damage the power supply. They can even become a source of further arc discharges. The use 
of pulsed DC plasmas based on the medium frequency range (10-200 kHz), can drastically 
reduce the formation of arcs and consequentially the defects in the growing thin films [168]. 
This process enables high deposition rates and is attractive for industrial and commercial 
applications [41] [42]. 
Pulsed sputter processes work with two modes of operation: unipolar pulsed sputtering, 
where the voltage is pulsed between the operating voltage and ground; and bipolar pulsed 
sputtering, where the target voltage is reversed, during the pulse–off period. Hereinafter the 
bipolar mode is explained in detail [169]. 
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The Pulsed Magnetron Sputtering (PMS) uses pulsed DC power, Figure 25 shows a typical 
voltage sequence; the voltage applied to the target is typically -400 to -500 V for an ‘on-time’ 
τon. At the end of this negative voltage pulse, the power is either switched off an ‘off-time’ τoff, 
or it is reduced to a small positive value (around 20 V). This part of the cycle is also called τ 
rev ‘reverse time’. This off-time removes traces of compounds from the target before it 
accumulates making the target irreversibly poisoned. To promote an arc-free process, the ‘on-
time’ cycle should be short enough to avoid the charge build-up and the ‘reverse time’ 
sufficiently long to completely discharge the surface. In practice, the ‘reverse time’ is about 
1/10 of the ‘on-time’ [170]. 
 
 
Figure 25: A schematic diagram showing the ideal voltage sequence for a bipolar pulsed sputtering of dielectrics.  
 
The full cycle, τcycle, is the sum of the ‘on time’ and ‘reverse time’, defines the critical 
frequency, (fc = 1/τcycle), which is the lowest pulsing frequency and also the highest duty cycle 
for the pulsed DC sputtering process [167].  
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Table 1 shows some parameters used to compare the main representative techniques for the 
deposition of CdS thin films. 
 
Table 1 
Comparison between main deposition techniques for CdS thin films 
 CBD CSS PVD RF ED MOCVD 
High Vacuum  10Torr 10-6 Torr 10-4 Torr   
Alternative 
non-vacuum 
atmospheric 
Pressure 
   
atmospheric 
Pressure 
atmospheric 
Pressure 
Crystalline 
structure 
(as deposited) 
Cubic- 
mixture of 
cubic 
/hexagonal   
Hexagonal Hexagonal Hexagonal Cubic Cubic 
 
 
Experimental details for CdS thin films deposited by PDCMS 
In this work, CdS films were sputtered on TEC15 and TEC10 coated glasses using the 
following deposition parameters: 10 sccm Ar, 500 W, 150 kHz, 2 s (ramp time), 2 μs (reverse 
time) by PDCMS, using the ‘PV Solar’ sputtering system (Power Vision Ltd., Crewe UK) 
(details are provided in chapter 7). 
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 Thin film deposition technologies for CdTe 4.
There are numerous deposition technologies employed to deposit CdTe thin films for solar 
cells. These can be arranged into three main process categories [171]:  
1) Condensation/reaction of vapours (Cd and Te2) on a substrate ((PVD) Physical 
Vapour Deposition), VTD (Vapour Transport Deposition), CSS (Close Spaced 
Sublimation), and sputter deposition) [16][17][18][19][20] [44-48] (Figure 26). 
 
 
 
Figure 26: A schematic diagram of some high vacuum deposition techniques used to 
deposit CdTe thin films. 
 
 
2) Galvanic reduction of ions (Cd and Te) at a surface (ED) [172] (Figure 27) 
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Figure 27: A schematic diagram of the Electrodeposition technique. 
 
3) Reaction of precursors at a surface (Metal Organic Chemical Vapour Deposition 
(MOCVD), screen printing, spray deposition). [173][174][175] (Figure 28 and Figure 
29) 
 
Figure 28: A schematic diagram of MOCVD technique. 
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Figure 29: Schematic diagram of spray and screen printing deposition techniques. (In the 
graphs are shown the typical film thicknesses, d, deposition rates and deposition temperatures.) 
By using a high vacuum evaporation technique as outlined in category 1, CdTe films have 
been deposited by evaporation from a heated crucible and subsequent condensation of Cd and 
Te vapours on a heated substrate. For substrate temperatures above 446.85ºC re-evaporation 
from the substrate can occur. This can lead to the deposition rate decreasing with the substrate 
temperature, at low chamber pressures, and is one of the limitations for the PVD technique. 
PVD CdTe films are generally deposited at a substrate temperature about 300°C, after the 
CdS is deposited in the same chamber without breaking the vacuum [71]. PVD differs from 
the CSS technique because the substrate temperature is lower (~300°C), and because of the 
greater distance between the substrate and source. The process is also different because the 
source changes from the solid to liquid state and then turns into vapour. The evaporated CdTe 
layers appear columnar and highly orientated when deposited, following the morphology of 
the underlying CdS film. However when recrystallized, the CdTe grains change orientation 
and morphology [176]. When the substrate temperature is much lower, CdTe layer forms a 
different crystalline structure (zinc blende) compared to the standard deposition condition, 
and the grains have a preferential orientation along <111> direction [177]. 
To avoid re-evaporation; a background pressure is needed, which means that a small distance 
source-substrate is required. Both CSS and VTD, satisfy these conditions. One of the main 
advantages of the CSS method is the high quality of the as-deposited material, characterised 
by large grain size (5-10 μm). Large grain size and columnar morphology are useful to reduce 
transverse grain boundaries, responsible for the recombination of the charge carriers [178]. 
CdCl2 + Te
Spray Deposition
(1 Atm)
600ºC
d = 1-20 μm @ ~1 μm/min
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~25ºC
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However, this increase in grain size causes an increase in the dimensions of voids between 
the grains; which means that the film has to be thicker to avoid the presence of pinholes. This 
issue can still persist even with increased thickness. A possible solution is to use a higher 
pressure of a non-reactive gas (up to 100 mbar (~75 Torr)), usually Ar, and a higher 
temperature of the CdTe source. As-deposited CSS films above 550ºC show a nearly random 
orientation. VTD is the other method that combines high substrate temperature with high 
deposition rate [177]. While CSS works by diffusion, VTD works by convection. This 
method has been developed by the Institute of Energy Conversion and is utilised by First 
Solar, LLC [179]. 
RF Sputter deposition takes place at a lower substrate temperature (380ºC) but with only a 
relatively small deposition rate (0.1 μm/min) [70]. The sputtering technique will be analysed 
elsewhere in this thesis (chapter 7).  
MOCVD is an atmospheric pressure and low temperature technique, which uses 
organometallic precursors, which react to deposit the CdTe thin film. The deposition is the 
result of a chemical reaction, so it is possible to change the stoichiometry of the compound. In 
some cases, the CdCl2 treatment can be avoided by controlling the process conditions and 
adding arsenic as a dopant [180]. 
Electrodeposition, and also screen printing of CdTe have been used for commercial cells by 
BP Solar and Matsushita Batteries [181] by depositing material at room temperature followed 
by annealing. BP Solar claimed an 11% module efficiency, the company dropped CdTe in the 
early 2000s. The simplicity of the screen printing process and equipment makes this 
technique suitable for manufacturing. It provides the growth of large-grained films but with 
the main drawback of the high film thickness, which needs to be above 10 μm, causing losses 
in photocurrent and high series resistance inside the active layer. As a consequence, the 
efficiency of devices obtained with these methods is in the range 8-11%. The process 
involves several hours of heat treatment to produce high quality films. High quality substrates 
are needed [182] [183]. 
Chemical spray pyrolysis is another low-cost manufacturing process, which had previously 
been used for CdS/Cu2S thin film solar cells [81]. Here the liberated solvent (water) limits the 
deposition rate; the individual droplets evaporate and react quickly, leading to small grain 
sizes, usually less than 100 nm, which is a disadvantage for most semiconductor applications. 
It is sensitive to temperature because the deposition efficiency decreases with the temperature 
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[184]. An industrial process has been developed by Golden Photon Inc. with modules 
reaching efficiencies of around 9% [185]. The morphology depends on the deposition 
conditions, with films generally showing a porous back surface and severe CdS consumption 
[80], as a result of CdCl2 presence as carrier in the deposition process. The screen printing 
method involves Cd, Te and a suitable binder, followed by baking at high temperatures 
(~700°C) [186]. 
 
4.1.Electrodeposition (ED) of thin film CdTe 
In this study, electrodeposition was chosen as a non-vacuum and low cost technique for 
depositing CdTe thin films. Electrodeposition enables deposition of thin films on a 
conducting substrate using a conducting solution containing the ionic species of the material 
of interest. The deposition occurs by submersion of the substrate in the solution, along with 
one or two electrodes (counter and reference electrode) and applying a potential difference to 
initiate a reaction of the ionic species on the substrate surface. This reaction can occur in 
anodic (positive voltage applied on the substrate) or cathodic (negative voltage applied on the 
substrate) mode [187].  
Electrodeposition has the advantage compared to the standard vacuum processes such as 
evaporation or sputtering that it is an atmospheric process, which employs simple inexpensive 
equipment; and it works at relatively low temperatures, below 100ºC. The electrolyte lifetime 
is indefinitely long there is minimal waste of materials. However, there are also a number of 
drawbacks for this process since it is more substrate sensitive than vacuum-based techniques. 
This means that a non-conductive defect on the substrate surface causes defects in the 
electroplated film. In general, the chemical composition of the surface affects the whole 
process. In a plating solution each material has its own surface potential; which means that 
for different chemical compositions, different process parameters are required. The chemical 
and electrochemical properties of materials must be studied to prepare the plating bath and in 
particular to form film stacks (electrodepositing materials on the top of each other). It is also 
possible that the substrate surface may dissolve in the solution during the electrodeposition 
process if the potentials applied are more positive than the plating potential of the species on 
the surface in a given electrolyte. Alternatively, the electrolyte may chemically attack and 
dissolve the substrate surface. Finally, one of the major drawbacks for this process is the low 
deposition rate. 
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4.1.1. The mechanisms of Electrodeposition  
The Electrodeposition experiments performed for this thesis were carried out in an 
electrochemical cell consisting of a reaction vessel with two or three electrodes, immersed in 
an electrolyte solution. The Working Electrode (WE) is the electrode for which the potential 
is controlled, and where the current is measured. It acts as a surface on which the 
electrochemical reaction takes place. The Reference Electrode (RE) is used to measure the 
working electrode potential. It should have a constant electrochemical potential as long as no 
current flows through it. The most commonly used Reference Electrodes are the Saturated 
Calomel Electrode (SCE) and the Silver/Silver Chloride (Ag/AgCl) electrodes. The Counter, 
or Auxiliary, Electrode (CE) is a conductor that completes the cell circuit. The Counter 
Electrode in laboratory cells is generally an inert conductor such as platinum or graphite. The 
current that flows into the solution via the Working Electrode leaves the solution via the 
Counter Electrode [188] (Figure 30). 
 
 
Figure 30: A schematic diagram of a conventional three electrode electrochemical cell. 
 
The reaction in the aqueous medium is governed by Faraday’s laws [189]. In 1834 Michael 
Faraday published the First and the Second law of Electrolysis. Faraday’s First law states that 
the chemical deposition due to the flow of electric current through an electrolyte solution is 
directly proportional to the quantity of electricity passed through it, measured in Coulombs. 
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Faraday’s Second law states that the mass of substances deposited, passing through the 
electrolyte, is proportional to their respective chemical equivalent weights.  
These laws can be summarised by: 
𝒎 =  �𝑸
𝑭
� �
𝑴
𝒛
�            19  
Where m is the mass of the substance deposited in grams, Q is the total electric charge passed 
through the substance, F = 96485 C mol-1 is the Faraday constant, M the molar mass of the 
material, z the electrons transferred per ion (M/z is the equivalent weight of the material 
deposited). 
The cell potential E is related to the Gibbs free energy (ΔG), in thermodynamics. This 
expresses the chemical potential that is minimised when a system reaches equilibrium at a 
constant temperature and pressure.  
∆𝑮 =  −𝒏𝑭𝑬           20  
Where, E is the electrochemical cell potential and n the number of electrons. If E> 0, the 
process is spontaneous, in contrast when the free energy is positive, at negative potential, the 
reaction must be forced. The Nernst equation is used to measure the potential of an 
electrochemical cell (E) and it provides information about how far from the equilibrium the 
redox reaction is. It is given by: 
𝑬 = 𝑬𝟎 −  𝑺𝒌
𝒏𝑭
𝒍𝒏 �
𝒅𝒅𝝏
𝒅𝒅𝒆𝒅
�         21  
Where E0 is the standard reference potential measured vs SHE, R is the gas constant (8.31 J 
K-1 mol-1), T is the temperature, and aox, ared, activity of products and reactants, respectively. 
 
4.2.Pourbaix Diagram 
The Pourbaix Diagram, also known as potential/pH diagram or pE/pH diagram, is an 
indication of stable (equilibrium) phases of an aqueous electrochemical system. It is an 
isothermal phase diagram, used to evaluate the effects of pH, oxidation potentials, and 
corrosion. In Figure 31 the Pourbaix diagram of CdTe-H2O system [190] is shown. Line 5 
represents the thermodynamic equilibrium between Te-enriched surface of the CdTe 
electrode and Cd2+ ions. The stability limits of solid CdTe are represented by lines 1 and 4 
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(lower limit) and 5, 11, and 12 (upper limit). In acidic, neutral, and basic solutions at 
potentials above the lower stability limit, the only process accompanying cathodic CdTe 
polarisation is hydrogen evolution. Therefore, in the region of cathodic potentials, CdTe is 
stable from an electrochemical point of view and this Voltage range is commonly used for 
CdTe deposition. The experiments have been performed using the same voltage range as in 
the literature. 
 
Figure 31: A Pourbaix diagram of the CdTe-H2O system [190]. 
 
4.3. ED CdTe from literature 
Several review papers and books deal with the electrodeposition of semiconductors 
[191][192][193], this part of the project focused on films of semiconducting II-VI compounds. 
In principle, both anodic and cathodic deposition can be performed. However, the use of the 
anodic method leads to difficulty in controlling the films’ stoichiometry.  
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Anodic deposition involves negatively charged ions moving towards a positively charged 
substrate, the cathodic method works in the opposite way. According to previous studies 
reported in the literature, it has been found that CdS has been made by anodic deposition of 
sulphur from a solution of S2- ions onto a cadmium anode [194]. On the other hand, by using 
a cathodic method, it is possible to deposit Cd and Te, from different precursors but with both 
elements being present in the same aqueous solution. For this reason this study has 
concentrated on cathodic deposition [195][196][197].  
Electrodeposition consists of the galvanic reduction of Cd and Te from Cd2+ and HTeO2+ ions 
in acidic aqueous electrolyte. The first research on the cathodic electrodeposition of CdTe for 
solar cells was performed and reported by Monosolar Inc. in 1976, in collaboration with the 
University of Southern California (USC) and focused on developing and understanding the 
cathodic electrodeposition of CdTe [198][199][200]. 
The reactions and the corresponding equilibrium electrode potentials for Cd and Te according 
to Pourbaix vs Normal Hydrogen Electrode (NHE) are shown below [201]. The potentials are 
related to the activities of ions in solution and on the activities of the component in the 
deposit. From the table, reactions a. and d. are the important ones; in particular reaction d. 
shows the dependence of the potential on the pH. 
Reactions:        E vs NHE (V) 
a. 
 𝑺𝒅(𝒅) =  𝑺𝒅𝟐+ + 𝟐𝒆−                 
     𝑬𝑺𝒅𝟎 + 𝑺𝒌𝟐𝑭 𝐥𝐥( 𝒅𝑺𝒅𝟐+ 𝒅𝑺𝒅� )  =  −𝟎. 𝟒𝟎𝟑 + 𝟎. 𝟎𝟐𝟎𝟎 𝐥𝐥𝐥 �𝒅𝑺𝒅𝟐+ 𝒅𝒔𝒅� �  
b. 
  𝑘𝑒(𝑠) =  𝑘𝑒2− + 2𝑒−(𝑝𝐻 > 11)                
 𝐸𝑇𝑇0 + 𝑅𝑇2𝐹 ln( 𝑟𝑇𝑇2− 𝑟𝑇𝑇� )  =  −0.94 + 0.0295 log �𝑟𝑇𝑇2− 𝑟𝑇𝑇� �  
c. 
𝑘𝑒(𝑠) =  𝑘𝑒4+ + 4𝑒−(𝑝𝐻 < −0.5)               
                                                         𝐸𝑇𝑇0 +  𝑅𝑇4𝐹 ln( 𝑟𝑇𝑇4+ 𝑟𝑇𝑇� )  =  0.568 + 0.0148 log �𝑟𝑇𝑇4+ 𝑟𝑇𝑇� � 
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d. 
𝒌𝒆(𝒅)  +  𝟐𝑯𝟐𝑶 =  𝑯𝒌𝒆𝑶𝟐+ + 𝟑𝑯+ + 𝟒𝒆−(𝟎 < 𝑝𝐻 < 𝟎)      
              𝑬𝒌𝒆𝟎 + 𝑺𝒌𝟒𝑭 𝐥𝐥 ( 𝒅𝑯𝒌𝒆𝑶𝟐+ 𝒅𝒌𝒆� )  +  𝑺𝒌𝟒𝑭 𝒍𝒏 𝑺𝑯+ =  𝟎. 𝟎𝟎𝟏 + 𝟎. 𝟎𝟏𝟒𝟎 𝒍𝒅𝒍 �𝒅𝑯𝒌𝒆𝑶𝟐+ 𝒅𝒌𝒆� � − 𝟎. 𝟎𝟒𝟒𝟑 𝒑𝑯 
 
Typically, the electrolyte contains Cd ions from an aqueous solution of CdSO4 and Te ions 
from a solution of TeO2 in H2SO4 and /or HF or water [201][199].  
In order to deposit Cd and Te in similar quantities, the preparation of an electrolyte with a 
high concentration of the less noble component, Cd, and a low concentration of the more 
noble component, Te, is required. The rate of Te deposition is diffusion controlled. The 
concentration of HTeO2+ in the electrolyte is approximately zero during the deposition, 
compared to the larger CdSO4 concentration which remains unchanged. Since the Te 
deposition rate is diffusion controlled, the rate of CdTe deposition should be limited by Te 
deposition and should therefore be increased by, for example, stirring the solution.  
Considering the reactions a. and d.: 
 𝑺𝒅𝟐+ + 𝟐𝒆 → 𝑺𝒅              E0 = -0.4 V vs NHE     22  
 
𝑯𝒌𝒆𝑶𝟐
+ + 𝟑𝑯+ + 𝟒𝒆 → 𝒌𝒆 + 𝟐𝑯𝟐𝑶           E0= +0.55V vs NHE    23  
In Figure 32 current density against potential curves are shown considering each element 
from their corresponding (acidic) solutions. In the lower part of the figure the curve 
represents the deposition from a solution containing both cadmium and tellurium species 
[193].  
 
 
 
In Figure 32 the dotted line shows that stoichiometric CdTe can be deposited in a wide 
potential range (V/NHE). In fact, taking into account the free energy of CdTe formation 
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(Δ𝐺𝑓0= -98.KJ/mol), then the following reaction 𝐶𝐶2+ + 𝑘𝑒 + 2𝑒 → 𝐶𝐶𝑘𝑒 takes place at a 
potential more positive than the potential of Cd (-0.4V) by an amount of –Δ𝐺𝑓0/2F = 0.5 V.  
 
Figure 32: Current density (a.u.) against Potential graph of CdTe electrodeposited in a wide potential range (V/NHE). 
 
In theory, following this window for the stoichiometric deposition, the mechanism turns out 
to be highly site selective, leading to good quality crystalline materials [187] [202] [203] 
[204]. 
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Table 2 shows some parameters used to compare the main representative techniques for the 
deposition of CdTe thin films. 
Table 2 
Comparison between main deposition techniques for CdTe thin films 
 VTD CSS PVD RF ED MOCVD 
High 
Vacuum 
10-6  Torr 10 Torr 10-6  Torr 10-4  Torr   
Alternative 
non-vacuum 
    
atmospheri
c Pressure 
atmospher
ic 
Pressure 
Deposition 
temperature 
600°C 600°C 400°C 200°C 80°C 200-400°C 
Deposition 
rate 
0.1-1 
μm/min 
1-5 
μm/min 
0.01-0.5 
μm/min 
~0.1 
μm/min 
0.01-0.1 
μm/min 
0.01-0.1 
μm/min 
 
Experimental details 
Thin films of CdTe were prepared by electrodeposition in aqueous solution with CdSO4 
(3.8x10-2  M) and TeO2 (10-3 M) as precursors in the bath, the pH solution was in the range 1-
2 with the addition of H2SO4 >95%, without stirrer agitation. The experiments were 
performed at room temperature, ~23ºC, using a PARSTAT 2273 potentiostat (Advanced 
Electrochemical System) for 4 hours. The electrodeposition system designed for this work 
consisted of a bespoke three electrode reaction cell (a working electrode, CdS/FTO, a counter 
electrode, Pt foil and a reference electrode (http://www.chinstruments.com/), saturated KCl 
silver/silver chloride electrode (Ag/AgCl) [Ag/AgCl +0.199 V vs standard hydrogen 
electrode (SHE)] placed inside a glass tube.  
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  Chapter 4
Characterisation of thin films 
 
 Methods of thin film characterisation 1.
Characterisation of thin films is carried out using a variety of methods to determine their 
optical, electrical, structural properties. 
The following sections describe the main techniques used in this thesis.  
 
1.1.Microstructural analysis: Scanning and Transmission Electron Microscopy 
Physical, structural and microstructural analyses are important to understand the material 
properties of thin films used in photovoltaic devices. These analyses allow us to understand 
the material properties such as grain size, surface morphology, composition, defects inside 
the grains and at the interfaces, interdiffusion between the layers and other features. For this 
work two important techniques were used for characterising CdS and CdTe thin films: 
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) [205]. 
 
Scanning Electron Microscopy (SEM) 
The instrument used for this work was a Leo 1530 VP Field Emission Gun (FEG)-SEM. Low 
voltage SEM is typically used in a FEG-SEM because of its high spatial resolution (~2 nm), 
and the possibility to operate at low accelerating voltages (typically at 5 kV), using in lens 
detectors. With this instrument it is also possible to perform chemical analysis by using the 
Energy Dispersive X-ray analysis (EDX) which also provides information on the spatial 
distribution of elements. Electron Backscatter Diffraction (EBSD) provides information on 
texture and grain orientation. Plan view and cross-sectional images were taken using the Leo 
1530 VP FEG-SEM. Samples were positioned on flat metallic stubs and glued with 
conducting silver paste connecting the stub to the surface of the sample to avoid charging 
issues. In addition, the surface was coated with a 5-10 nm sputtered gold-palladium layer to 
achieve better conductivity, and hence better imaging. Cross-section samples were mounted 
on apposite stubs which allowed them to be studied in a vertical orientation. The samples 
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were previously cut using a diamond tip roller and the sample surface was coated with gold-
palladium. 
 
Transmission Electron Microscopy (TEM) 
This technique enables high-resolution (<<1 nm) images of the microstructure of samples 
from ultrathin materials. It can produce images with higher magnification and greater 
resolution than those produced by SEM. A dual beam FEI Nova 600 Nanolab was 
employed to prepare the TEM samples using a Focused Ion Beam (FIB). A standard in situ 
lift off method was used to prepare cross-sectional samples through the coating into the 
glass substrate. A platinum over-layer was deposited to define the surface of the samples and 
homogenise the final thinning of the samples. Combined electron and ion beams are used 
respectively to image and cut the sample (as shown in Figure 33) [206]. 
 
Figure 33: Images showing the FIB procedure to prepare TEM samples: 1) cross-section to expose the sample 
surface; 2) second cross-section and cuts to isolate the sample; 3) sample after attachment to a TEM half-grid and 
final thinning. 
 
TEM images were obtained using a Jeol JEM 2000FX operating at 200 kV, with an 
integrated camera above the phosphor screen to obtain digital images. The TEM technique 
provides morphological analysis of grain structure across the whole multilayer thin film CdTe 
device. 
 
 X-ray Diffraction (XRD) 2.
The electrical (and optical) properties of thin films are also dependent on the material 
crystalline structure. X-ray diffraction (XRD) is a commonly used method to probe the 
preferred orientation of crystalline samples.  
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Figure 34: A schematic diagram of an XRD system. 
 
In this work, measurements were made using a Bruker D2 Phaser bench-top XRD system 
using X-rays generated with a Cu anode with a 1.542 nm wavelength. A 3 mm anti-scatter 
grid and a 1 mm divergence slit were inserted during the analyses. The two-theta (2θ) start 
and stop angles were 17º and 60º, with a step size of 0.02º and a dwell time of 0.1 s, in order 
to pick up the range of peaks of interest. The scan was run for almost 15 hours and the sample 
holder was in constant rotation during the scan to provide accurate and precise data to detect 
the correct phase structure of CdS and CdTe thin films [207]. 
 
2.1.XRD analysis to measure residual stress in CdTe thin films 
It is known that the physical properties of thin-film layers depend on their microstructure. In 
fact parameters like crystallinity, crystallographic orientation, grain size and so on, are crucial 
for the design of thin films devices. The XRD-based techniques play an important role for the 
determination of residual stress/strain values. During the deposition and subsequent 
processing of thin films residual stresses and strains are inevitably introduced into the films. 
Stresses can be intrinsic to the films, caused by the presence of impurities, voids or defect 
incorporation within the film, either due to partial recrystallisation in the film during the 
deposition or subsequent treatments. Residual stresses (generally defined as thermal stresses) 
can also be extrinsic. They derive from changes in material properties across the 
film/substrate interface such as different coefficients of thermal expansion in the film and in 
the substrate or differences in the atomic plane spacing near the film-substrate interface.  
X-ray 
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In general for diffraction measurements it is more common dealing with micro stresses, 
where the average of these measurements is taken over the diffracting volume of material. 
The measured quantity is the average micro stresses within a finite number of grains [208]. 
With the XRD measurement it is possible to measure the distance or spacing (known as ‘d-
spacing’) between parallel crystalline lattice planes in the film. The crystallite atoms can 
diffract the incident X-ray beam into different specific orientations [209]. The measurement 
of the angle and intensities of the diffracted beams produce a diffraction pattern. The XRD 
analysis is based on Bragg’s law [210]: 
𝒏𝒏 = 𝟐𝒅𝒉𝒌𝒍 𝐬𝐬𝐥 𝜽𝒉𝒌𝒍                                24  
where λ is the X-ray wavelength, dhkl is the lattice plane spacing of a family of 
crystallographic planes (hkl) responsible for the Bragg peak, θhkl is the diffraction angle of X-
ray incidence with lattice plane, n is an integer and normally it is 1 (shown in Figure 35). The 
peak will be observed at an angle of 2θhkl from the incident beam. 
 
Figure 35: X-ray beam of wavelength λ, incident on the crystal at an angle θ with respect to equidistant hkl lattice-
planes, with interplanar distance dhkl. 
 
If a specimen is elastically strained, the lattice spacing is changed. Therefore any elastic strain 
will be revealed as a shift in the value of 2θhkl for a particular reflecting plane illuminated by 
a fixed wavelength. By differentiating Bragg’s law,  
∆𝜽𝒉𝒌𝒍 = − �∆𝒅 𝒅𝟎� � 𝒅𝒅𝒏𝜽𝟎                                               25 
where ∆d is the change of lattice spacing, and d0, the lattice spacing of a stress-free sample of 
the material. So, the strain in the (hkl) set of planes can be calculated with  
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`𝜺 = �∆𝒅 𝒅𝟎� � = ∆𝜽𝒔𝒅𝒅𝜽𝟎                                                              26 
The direction in which strain is measured is along the scattering vector and is perpendicular 
to the diffracting planes [211]. 
From the CdTe diffraction pattern, the highest peak, with (111) orientation, is the preferred 
peak for the analysis. In addition, a sharp peak indicates a crystalline grain structure in the 
sample [3]. For CdTe samples completely free from stress (powder), according to the 
database, the main (111) peak corresponds to the 2θ value of 23.76º and the d-spacing is 3.74 
Å [212][213]. This is considered to be the standard baseline. For this study another reference 
point was used. This was taken from a CdTe sample deposited by closed-space sublimation 
(CSS) and then treated by using a CdCl2 activation process which showed a (111) peak and d-
spacing values respectively of 23.75o (2θ) and 3.74 Å.  
Both baselines were compared with the results from the sputtered CdTe samples. The d-
spacing can be calculated by using Bragg’s Law. As the changes in d-spacing are caused by 
strain, and the strain is created by internal stress, according to Poisson’s effect [7], if 
• -the d-spacing value of the untreated sample is larger than the baseline (stress-free 
state), the distance between atomic lattice planes parallel to substrate surface is 
expanded and there is compressive stress dominating in the film (Figure 36). 
 
Figure 36: A schematic diagram showing the situation when compressive stress dominates in a thin film. 
 
• -the d-spacing value of untreated sample is smaller than the baseline; this means that 
there is tensile stress in the films and it contracts the distance between lattice planes [7] 
(Figure 37). 
 
Figure 37: A schematic diagram showing the situation when tensile stress dominates in a thin film. 
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Depending on these changes in d-spacing, the (111) peak in the X-ray pattern is subject to a 
shift caused by changes in the internal stress in the film [3]. 
 
 X-ray Photoelectron Spectroscopy (XPS) 3.
Surfaces and interfaces play an important role in coatings and semiconductor materials. They 
define the boundary between a material and its surrounding environment. The properties of 
surfaces and interfaces can be completely different to those of the bulk. 
It is important to study and analyse the chemical composition of the surface of thin films. 
XPS, also known as ESCA (Electron Spectroscopy for Chemical Analysis), is the most 
widely used technique. The technique utilises the photo-ionisation and analysis of the kinetic 
energy distribution of the emitted photoelectrons to study the composition and electronic state 
of the surface region of the sample. From the binding energy (or kinetic energy) and intensity 
of photoelectron peaks, the elemental identity, chemical state and concentration of an element 
is determined. The process of photo-ionisation follows the conservation of energy. The 
kinetic energy, KE of the emitted photoelectrons is expressed by the formula: 
𝑲𝑬 =  𝒉𝒉 –  𝑩𝑬 –  𝝓            27 
Where, BE is the binding energy of the electron, which is the difference between the ionised 
and neutral atoms or the energy required to remove the electron from its initial level to the 
vacuum level. In solids, BE is conventionally measured with respect to the Fermi level 
(highest occupied level), rather than the vacuum level (the last binding level of the system). 
For semiconductors, the Fermi level is positioned between the valence and the conducttion 
bands. This is why the formula includes the term ϕ, the work function of the electron 
spectrometer used. The common x-ray sources used are Mg Kα radiation hν = 1253.6 eV and 
Al Kα radiation hν = 1486.6 eV (this anode with a beam diameter of 200 μm, was used in this 
work). The most common analysis with XPS is the Surface Scan, where energy peaks in the 
survey scan identify the elemental composition of the uppermost 20 to 50 Å of the analysed 
surface. All elements, except hydrogen and helium, are detected. Detection limits are 
approximately 0.1 atom percent for most elements. The High Resolution Multiplex Scan is 
used to evaluate the chemical state(s) of each element through its core electron binding 
energies. Precise determination of binding energies is made through the use of curve fitting 
routines applied to the peaks in the multiplex scan. Shifts in the binding energy can result 
from the atom’s oxidation state, chemical bonds, or crystal structure. A NIST database is 
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available to identify binding energies with specific compounds. The concentrations of the 
elements identified in the survey scan are determined by integrating the area under a 
characteristic peak for each element. 
 
 
Figure 38: A schematic diagram of an XPS instrument. 
 
For this work, a Thermo Scientific K-Alpha Surface Analysis system, with Al Kα radiation 
used as X-ray source, has been used. Every analysis was preceded by a light ion etching (Ar 
ion surface etching at 1 eV for 30 s) performed in situ prior to measurements to remove 
atmospheric surface contamination such as adventitious carbon and oxidised layers [214].  
 
 
  Spectroscopic Ellipsometry (SE) 4.
Ellipsometry is an optical technique used for surface and thin film analysis. It is based on the 
measurement of the change in state of polarisation of a light beam caused by the reflection on 
the sample surface (or the transmission through the sample). If the surface is covered by a 
film, or a stack of films, the entire optical system of film and substrate affects the change in 
polarisation. Hence it is possible to extract information about the film properties, especially 
the film thickness. The name “ellipsometry” derives from the concept that polarised light 
often becomes ‘elliptical’ upon light reflection (as explained in the next section). 
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4.1.Polarised light 
Light is defined as being polarised when electric fields of light waves are oriented in specific 
directions. If the oscillating direction is completely random, the light is called unpolarised 
light (or natural light). Light in the form of a plane wave in space is said to be linearly 
polarised. If light is composed of two plane waves of equal amplitude but differing in phase 
by 90º, then the light is circularly polarised. Alternatively, if two plane waves of different 
amplitude are out of phase by 90º or if the relative phase difference is something other than 
90º, then the light is said to be elliptically polarised (Figure 39 and Figure 40). 
(a) 
 (b)  (c)  
Figure 39: Classification of polarisation of the light (a) Circular polarisation (b) and Elliptical polarisation (c) [14]. 
 
4.2.Fundamental equations of ellipsometry 
The measured parameters are the so-called ellipsometric angles; Δ and Ψ. These represent the 
amplitude ratio Ψ and phase difference Δ between light waves known as p- and s- polarised 
light waves. They are related to the ratio of the complex Fresnel reflection coefficient rs and rp, 
where rs is the reflection coefficient for light polarised perpendicular to the plane of incidence 
and rp is the reflection coefficient for light polarised parallel to the plane of incidence. This is 
expressed by the fundamental equation of ellipsometry [215]: 
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𝝆 =  𝒅𝒑
𝒅𝒅  = 𝐭𝐭𝐥 𝚿𝒆𝒅𝚫            28 
Where   tan Ψ = ⃓𝑑𝑝⃓
⃓𝑑𝑠⃓       0° ≤ Ψ ≤ 90° 
And   Δ =  𝛿𝑝 − 𝛿𝑠     0° ≤  ∆ ≤ 360° 
 
Figure 40: Schematic view of an ellipsometric measurement in reflection configuration. On the right side the incident 
polarized beam. After reflection, on the left side the polarization state of the beam has changed [15]. 
 
In spectroscopic ellipsometry (Ψ, Δ) spectra are measured by changing the wavelength of 
light. In general, the measurements are carried out in the ultraviolet/visible range, but analysis 
in the infrared region has also been widely performed [216].  
 
4.3.Optical elements 
The ellipsometric instrument used for this thesis was the Horiba Jobin Yvon UVISEL 
iHR320FGAS Horiba; (Figure 41) it consists of: 
- Light source, Xe high pressure lamp (75 Watt) with filters to pass only the desired 
wavelength; 
- Optical fibres, used to couple the light beam from the output of the light source to the input 
of the polariser and from the output of the analyser to the input of the monochromator. In 
general they have 1mm core diameter and there are two types: UV fibres (range 190-880 nm) 
and NIR fibres (range 260-2100 nm) 
- Polariser (P) which defines the state of polarisation before the light strikes the sample;  
surface
source
normal
ɸinɸout
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- Sample holder (stage); 
- Analyser (A), which is similar to the polariser and is located after the sample holder; 
- Monochromator, which separates the light into its components before reaching the detector; 
- Detector (D), made by photomultipliers for the UV and visible spectral range and InGaAs 
detector for the IR spectral range; 
- Acquisition interface, apart from the sample displacement, the ellispometer is completely 
automated. 
 
Figure 41: A schematic diagram of an ellipsometer. 
 
The measurements are performed in external configuration for standard ellipsometers. This 
means that the light beam propagating in air (or vacuum) is reflected or transmitted through a 
sample, and then it goes back through the air (or vacuum) to reach the detector. The 
measurement is a simultaneous acquisition of the moduli and phases of the polarisation 
components of the light. The interferometric effect is the basis of this technique. Considering 
a multilayer sample, once the light has been reflected by the first interface of a layer, it 
interferes with the light reflected by the second layer and similarly for all the other layers. 
Therefore, the maximum film thickness that can be measured with ellipsometry must be less 
than the coherence length of the light source to avoid depolarisation.  
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4.4.Analysis of Ellipsometric data 
The ellipsometric data were processed using the following procedure: 
- The ellipsometer measurement yields the ellipsometric angles, Δ and Ψ. 
- A model of the sample is then created to determine the sample parameters. To provide 
an example of the optical model, Figure 42 shows a model consisting of an air/thin 
film/substrate structure. An optical model is represented by the complex index, N= n –
ik (i= √-1) [217] (with n , refractive index and k, extinction coefficient) and thickness 
of each layer, so N0, N1 and N2 represent the complex refractive indices of air, thin 
film and substrate, respectively. The transmission angles (θ1 and θ2) are calculated 
from the incident angle θ0 by applying Snell’s law [217]. The two ellipsometric 
parameters (Ψ, Δ) are defined by ρ ≡ tan Ψ exp (iΔ); in the optical model ρ is 
expressed by the following equation: tan Ψ exp (iΔ) = ρ (N0, N1, N2, d, θ0). 
 
Figure 42: An optical model consisting of an air/thin film/substrate structure [17]. 
 
Knowing N it is possible to obtain the dielectric constant ε and absorption coefficient α, by ε 
= N2 and α = 4πk/λ. 
- Once the model is built, calculated data (the output of the model) must be fitted to the 
experimental data (measured values Ψ and Δ) and the best match between the two sets 
is found.  
- The user then evaluates the best-fit model to decide if the predicted model is 
physically reasonable. 
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The quality of the fit is usually evaluated with a figure of merit which guides the numerical 
algorithm searching for the best–fit values of the model parameters. One of the most 
commonly used figures of merit is based on the mean square deviation between simulated and 
measured data.  
𝝌𝟐 =  𝟏
𝑵−𝑴−𝟏
∑
�𝝍𝒌𝒉−𝝍𝑬𝝏𝒑�
𝟐
𝝈𝝍
𝟐 + �𝚫𝒌𝒉−𝚫𝑬𝝏𝒑�𝟐𝝈𝚫𝟐 + �𝑺𝒌𝒉−𝑺𝑬𝝏𝒑�𝟐𝝈𝑺𝟐                  29 
Where N indicates the total number of data points, M is the total number of fitted parameters; 
Th and Exp, as superscripts, are related to the theoretical and experimental data respectively. 
The summation considers all the spectral data points, and the sigmas in the denominators are 
the estimated uncertainties of the experimental values. Once the figure of merit has been 
defined, the automatic process of parameter fitting is carried out by computer which searches 
for the minimum value for the figure of merit.  
 
 Spectrophotometer 5.
The optical properties of thin films are of vital importance since they affect the generation of 
photo-current in the absorber. The optical properties of CdS, CdTe layers and the entire 
device were obtained using a Cary 5000 (Agilent Technologies, USA) spectrophotometer 
(Figure 43). 
This instrument is equipped with an integrating sphere and set of gratings which allow optical 
transmission measurements to be performed from 185 nm to 3300 nm [218].  
Transmission and reflection measurements were carried out using an integrating sphere, with 
wide spectrum sensitivity (for these experiments in the range 200 nm to 1400 nm). The 
instrument used for this work is a double beam spectrophotometer; the light source, before 
reaching the sample, is split into two separate beams. One beam passes through the sample 
and the second one is used for reference. This is advantageous as long as the reference and 
sample readings take place at the same time. In transmission measurements, the 
spectrophotometer quantitatively compares the amount of light passing through the reference 
and test sample. This also occurs for reflection measurements. For transmission 
measurements, samples were placed over the entrance port of the integrating sphere with the 
glass side of the sample facing the incoming light. This configuration is the most practical for 
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a superstrate solar cell, since in a device, the film encounters the light after it has passed 
through the glass substrate and so any changes due to the different refractive indices of the 
glass and film are considered. A reference reflectance disk (pressed PTFE) was placed at the 
reflectance port, and all transmission measurements included direct and diffuse transmission. 
For reflectance measurements, samples were placed over the reflectance port, with the glass 
side again facing the incoming light and the reflectance spectra (both specular and diffuse) 
were recorded. In all cases a baseline correction was performed to remove measurement 
artefacts. 
 
 
Figure 43: A schematic diagram of the Spectrophotometer [18]. 
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Using the conservation of energy principle for a single thin film, then it is possible to estimate 
absorption and reflectance of thin films by using the formula 1 = 𝑆 + 𝑘 + 𝐴  (where 
R=reflectance, T=transmittance and A=absorption), as shown in Figure 44. 
 
 
Figure 44: A schematic diagram showing the principle of conservation of energy (1=R+T+A). 
 
 Coherence Correlation Interferometry (CCI) 6.
Coherence correlation interferometry (CCI) [219] is a scanning white light interferometry 
technique which uses light interference patterns (set of interference fringes) from a white 
light source (Xenon). Two beams are produced by splitting the main beam from the source; 
one is reflected by a reference mirror, while the other one scans the surface. The light is 
reflected locally by the surface and the reflected beam is correlated to the reference and an 
interference pattern is created. The signal is detected by a high resolution digital CCD camera 
(Figure 45). Three-dimensional topographical maps are created by measuring the position of 
the lens which is moved in the vertical direction to obtain the maximum constructive 
interference. Use of white light allows only one peak as maximum. Each pixel acts as single 
interferometer, combining them together allows the accurate measurement of a relatively 
large surface area. The accuracy of the measurement is highly dependent on the efficacy of 
the coherence correlation algorithm used. 
This is a non-contacting technique and there is no risk of damaging the surface with a stylus. 
The CCI provides accurate measurements for transparent and semi-transparent materials. The 
technique provides two and three-dimensional images of the surface together with a range of 
quantitative analysis routines for roughness, waviness and form. Measurements include root 
mean square roughness (Sq), average roughness (Sa), maximum peak height (St), step height, 
Incident
light
R= reflectance
T= transmittance
A= absorptionR
A
T
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groove width and depth, etc. CCI is capable of combining sub-nanometre thin film thickness 
measurements with quantitative three-dimensional metrology and imaging from the same thin 
film sample area. The measurements are taken over a relatively large and hence 
representative area of the surface. The scan area is defined by the magnification of the lens 
used and it ranges between 165 µm x 165 µm for a 100x objective lens to 6.6 mm x 6.6 mm 
for a 2.5x objective lens.  
 
Figure 45: A schematic diagram of an interferometer (a) and Coherence Correlation Interferometer by Taylor 
Hobson Ltd (b) [20]. 
 
It is necessary to provide the refractive index (n) for the film material; n can be measured by 
using ellipsometric spectroscopy or it is often assumed to be the same as the bulk material. A 
‘pattern measurement’ can be performed by taking thickness measurements at different points 
of the sample [220]. 
Thin film thickness measurements, thin film uniformity and the detection of voids and 
pinholes were carried out using a Coherence Correlation Interferometer: Sunstar HD CCI 
instrument from Taylor Hobson Ltd [221]. 
 
 Current-voltage (IV) curves 7.
Current-voltage characterisation is the main electrical measurement for solar cells. The 
parameters used to define a cell performance are short circuit current (Isc) or current density 
(Jsc), open circuit voltage (Voc), Fill Factor (FF) and combining these parameters, cell 
efficiency (η). The instrument used to test the solar cell performance is a solar simulator 
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which works as an artificial sun, recreating the solar spectrum. The current-voltage curve is 
generated by measuring the current as a function of the input Voltage. The intercepts with the 
y- and x- axis are then obtained and, correspond to the Isc and Voc respectively. The shape of 
the curve gives information on the FF, shunt and series resistances and roll-over effect. The 
electrical measurements are generally carried out using a Keithley electrometer [222]. 
In this study, CdTe solar cells were deposited in superstrate configuration. For this reason, 
issues on contacting modality occur. These have been overcome by building a suitable 
bespoke solar simulator which allows the cell to be contacted from the top using Kelvin 
probes and indium patches to avoid scratching, and consequent shorting of the active cell. A 
schematic diagram of the arrangement used is shown in Figure 46. 
 
Figure 46: A schematic diagram showing a (bespoke) solar simulator suitable for easy contacting for CdTe cells in 
superstrate configuration. 
 
A 1000 W Newport Xenon lamp was used as the light source. The light was reflected 
upwards using a 45° optical mirror. The light beam was then passed through an AM 1.5 filter 
and an optical array, which included an iris to control the intensity of light, two multi lens 
arrays, one co-focal and a focal lens which projected onto a relative small area of the sample 
stage. Due to the dimension of the cells ~ 0.25 cm2, the aperture in the sample stage was only 
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2 cm diameter to provide a sufficient degree of light uniformity. The light intensity was 
calibrated before each set of measurements using a reference diode. 
The cell area was defined during the back contact deposition of 50 nm of gold which was 
applied using a Quorum Q150T ES sputtering system. Prior to this process a mask was 
applied onto the sample(s), consisting of a sequence of equally spaced square holes 0.5 cm x 
0.5 cm in dimension. This provided a consistent active area allowing comparison of 
measurements obtained from various samples processed using various conditions. 
 
 Water Contact Angle (WCA) 8.
The contact angle measurement is a macroscopic representation of microscopic phenomena 
[223] which include surface roughness, surface energy of materials and surface coatings. All 
these play a role in the wettability of the material investigated for a given fluid. Quantitatively, 
this technique measures the ability of a liquid to spread on a surface. The angle is measured 
between the outline tangent of a drop deposited on a solid and the surface of this solid. The 
intersection of the three surfaces, liquid, air and solid represents the interior angle, contact 
angle, θ, as shown in Figure 47. 
When a liquid drop is on a flat surface, the static contact angle is defined by the Young 
Equation that explains the relation between the three interfacial surface tensions: solid and 
liquid, σSL, solid and vapor, σSV, and liquid and vapor, σLV. 
 
Figure 47: Young's model representing the contact angle, θ and the three interfacial tensions (solid and liquid, σSL, 
solid and vapor, σSV , and liquid and vapor, σLV ) [23]. 
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Figure 48 shows that low values of θ mean that the liquid has spread and there is a strong 
affinity for the solid. High values of θ indicate poor wetting. If θ is less than 90º the drop wets 
the solid. A contact angle of zero corresponds to total wetting. If the angle is greater than 90º 
it corresponds to non-wettability [224].  
 
Figure 48: Contact angles θ > 90º, indicating non wettability, < 90º indicating  wettability, and θ = 90º [25]. 
 
The contact angle measurement gives information about the affinity of a liquid to a solid 
surface; if water is used as the liquid, it is possible to distinguish the hydrophobic (θ > 90º) 
and the hydrophilic (θ < 90º) behaviour of the surface investigated. If several liquids are used, 
the surface energy of a material can be determined discriminating between polar and 
dispersive components. 
There are several methods used to determine contact angles. The most common is 
Goniometry. It provides a video-based contact angle, the measurements obtained by fitting a 
mathematical expression to the shape of the drop and then calculating the slope of the tangent 
to the liquid drop at the interface line between liquid-solid-vapour (LSV) phases. Computer 
software analysis provides the correct contact angle. 
Figure 49 shows a common contact angle goniometer. Older systems used a microscope 
optical system with a back light, while current generation systems use high resolution 
cameras and software to capture and analyse the contact angle. 
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Figure 49: Image of a common contact angle goniometer [26]. 
 
There are several different methods to measure the contact angle such as: static sessile 
(utilised in our experiments) drop, dynamic sessile drop, dynamic Wilhelmy, Single-fiber 
Wilhelmy and powder contact angle method. 
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  Chapter 5
Plasma pre-treatment  
 
 Introduction 1.
Plasma cleaning is an effective and environmentally safe method for surface preparation 
which has been reported to be a useful process tool for more than 30 years in a broad range of 
applications spanning from microelectronics and photovoltaics (PVs) to automotive, textiles, 
medical, plastics, etc. [225] [226].  
Activation of the surface of a material is important for the growth of thin films since surface 
contaminants and the native oxide can alter the growth mode and thin film adhesion. It can 
also affect the properties of the deposited films and therefore the performance of the PV 
devices [106][227]. 
The surface properties of transparent conducting oxides (TCOs) have an influence on the 
quality of the other films comprising the cell. In particular, sputter treatments have been 
shown to reduce carbon contamination and modify the resulting interface between the SnO2 
and the CdS layers [228]. Poor growth regions, appearing as pinholes, can form in the n-type 
CdS layer, allowing a shunt path to develop between the front contact and the p-type CdTe 
film [229]. Pinholes are particularly troublesome when a thin CdS layer is deposited on TCO-
coated glass that has been cleaned using industry-standard techniques [230]. 
Plasma treatments have previously been applied to TCOs such as indium tin oxide (ITO) [1], 
aluminium-doped zinc oxide (AZO) [231] and zinc oxide (ZnO) [232] with different gas 
combinations such as argon, hydrogen, or oxygen. These treatments have been shown to 
change the properties of the TCO surfaces. 
In this chapter the plasma treatment of commercially available fluorine doped tin oxide (FTO) 
transparent conducting oxide NSG TEC 15, which is used as a superstrate in CdTe solar cell 
devices, is studied. 
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Figure 50: A schematic diagram of a thin film CdTe solar cell in superstrate configuration. 
 
As previously described, a thin film CdTe solar cell consists of a multi-layer stack material 
system, with layers having specifically defined properties. Thin film CdTe solar cells are 
grown in a superstrate configuration as shown in Figure 50 on a FTO coated glass substrate 
[47]. The light transmits through the TCO coated glass before reaching the p-n heterojunction, 
consisting of the n-type CdS layer and a p-type CdTe layer. 
Plasma pre-treatment of the TEC 15 glass was performed to activate the surface prior to the 
chemical bath deposition (CBD) of the thin CdS film. Good surface wettability of the TCO 
coated substrate is required to avoid the presence of the pinholes and ensure continuity in the 
deposited CdS thin films. Fluorine doped tin oxide is deposited on an industrial scale using an 
atmospheric pressure CVD process that results in a relatively rough surface. This roughness 
can increase the probability of pinhole formation. The aim of this study is to develop a 
plasma treatment process to produce pinhole-free CdS thin films on TEC 15 glass. 
 
 Experimental 2.
TEC 15 glass supplied by NSG-Pilkington was used as the substrate material. TEC 15 is a 
multilayer stack of materials deposited on a 3.2 mm thick glass. The stack consists of a 25 nm 
SnO2 layer, a 25 nm SiO2 layer, and a 280 nm thick conducting layer of fluorine doped tin 
oxide (SnO2:F). TEC 15 has a sheet resistance of 15 Ω/□ and a relatively good transparency, 
~82% light transmittance. These properties are a good compromise between the electrical and 
the optical requirements of a PV device substrate. The substrate was treated using 20 sccm 
O2/30 sccm Ar plasma, for 5 min, in a Glen100-P AE Advanced Energy parallel plate plasma 
reactor, prior to the CdS film growth. The plasma power was set at 100 W and at a pressure 
of between 335 and 273 mTorr. Electrodes and sample trays are 406.4 mm x 406.4 mm in 
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area using perforated aluminium of thickness 3.175 mm. The parallel electrodes are used to 
provide uniform plasma across the sample area. All substrate surfaces are treated to the same 
degree, irrespective of their position on the sample tray. The plasma treatment reactor was a 
parallel plate system using AC plasma power source with potential for three gas admittance 
lines. The system was pumped to a pre-process pressure of 332 mTorr using a rotary pump. 
A 50 nm CdS thin film was deposited by CBD, the reaction occurs in a beaker immersed in a 
water jacket to ensure constant temperature (70ºC). The bath solution was made of 200 ml of 
de-ionized water, 15 ml of Cd(CH3COO)2 0.01 M, 25 ml of NH4OH 25%, and 10 ml of 
CS(NH2)2. A magnetic bar was used to stir the solution to accelerate the reaction kinetics. 
 
2.1.Substrate surface modification 
Plasma treatment activates the substrate surface by increasing the surface energy. The surface 
energy of the material was tested by measuring the water contact angle before and 
immediately after the treatment. Figure 51 shows the effect of the plasma treatment on the 
FTO coated glass surface. The equilibrium contact angle that the drop makes with the surface 
was 54.3º before the treatment and 12.3º after the plasma treatment. This indicates that the 
treatment increased the hydrophilic nature of the surface. 
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Figure 51: Water contact angle images (a) prior and (b) post plasma treatment. 
 
The increased surface energy is beneficial for adhesion and the continuity of the thin film. It 
is possible that the increase in surface energy may change the thin film growth kinetics. 
However, there was only a marginal difference in thin film thickness (~50 nm) for films 
deposited on the treated and untreated surfaces as measured by spectroscopic ellipsometry.  
This hydrophilic behaviour corresponds to the removal of contaminants from the surface, as 
confirmed by X-ray photoelectron spectroscopy (XPS) analysis. Table 3reports the atomic 
percentage of Carbon (C1s), Oxygen (O1s), and Tin (Sn3d) for the untreated and the plasma 
treated substrates, indicating carbon contamination reduction without altering the Sn/O ratio. 
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Table 3  
 Atomic% composition as determined by XPS 
 
 
 
 
2.2.Impact of substrate plasma treatment on the CdS films 
Scanning white light interferometry (SWLI) is a powerful tool for the metrology of surfaces. 
A variant of SWLI called Coherence Correlation Interferometry (CCI) developed by Taylor 
Hobson, Ltd, as already described in chapter 4, was used to analyse the surface morphology 
of the CdS films and detect pinholes in the CdS. Pinholes appear as spikes in the CCI surface 
image as shown in Figure 52 (a). In this case the CdS was deposited on the untreated 
substrate; pinholes were detected with a mean depth of 55 nm and a width of 0.65 μm as 
shown in Figure 53. The spatial resolution of the CCI is determined by the wavelength of 
light and the numerical aperture of the lens used is typically ~0.3 μm. The vertical resolution 
is typically <1 nm. The CCI analysis shows that the pinhole density was dramatically 
decreased and virtually eliminated for the film grown on the plasma treated substrate (Figure 
52 (b)); the thin film also has a smoother surface.  
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Figure 52: Three dimensional CCI images of CdS deposited on (a) untreated and (b) plasma treated substrates (20 
sccm O2/30 sccm Ar). 
 
Figure 53: Mean depth and width of pinholes in CdS observed on the surface of the untreated samples. The thickness 
of the CdS layer was 50 nm. 
 
Scanning Electron Microscopy (SEM) images were obtained to study the surface morphology 
of the grown CdS films. Figure 54 shows the comparison between the surface of the untreated 
(a) and the plasma treated (b) samples. The CdS films exhibit a crystalline structure with 
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small crystallites (~10-20 nm) that agglomerate in bigger grains; their size increased from 
~100 nm to ~130 nm following plasma treatment of the substrate. 
The grain size was calculated using ‘AxioVision SE64 Rel.4.9.1’ software, estimating a 
mathematical average over 20 different measurements. The treated samples generally showed 
more uniform coverage of the surface with a more compact deposited film. 
 
 
Figure 54: SEM images of CdS films grown on (a) untreated and (b) plasma treated (20 sccm O2/30 sccm Ar) FTO 
coated glass. 
 
XPS analysis was also performed on the CdS films to analyse their stoichiometry. Figure 55 
shows the XPS spectra of Cd3d and S2p photoelectron core levels for the untreated and the 
plasma treated samples. The position of the peak at 405.8 eV for Cd orbital 3d5/2 and the 
shape and binding energy of 161.6 and 162.8 eV for S2p3/2 and S2p1/2, match the theoretical 
CdS values [126], indicating that CdS was not incorporating oxygen into the films. 
~100nm
~130nm
(b)
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Figure 55: XPS measurements of samples untreated and plasma treated (20 sccm O2) for Cd 3d5/2 (a) and S2p peak 
(b). 
 
The optical properties of the CdS films were measured using spectroscopic ellipsometry. 
Transmission and reflection measurements were obtained using a spectrophotometer. The 
Tauc- Lorentz model [233] was used to parameterise the spectral dependence of the CdS 
refractive index, n, and extinction coefficient, k. The derived optical properties are shown in 
Figure 56.  
The CdS film deposited on the plasma treated substrate showed increased refractive index, n, 
(Figure 56 (a)). The film also showed a slight increased extinction coefficient, k (Figure 56 
(b)). 
This is consistent with the increased grain size, increased compactness and density, and 
reduced pinhole density observed for the film deposited on the plasma treated substrate. 
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Figure 56: n (a) and k (b) dispersions measured for CdS films deposited on the untreated substrate and the plasma 
treated substrate (20 sccm of O2). 
 
Figure 57 shows the transmittance and reflectance spectra of the CdS thin films deposited on 
the untreated and on the plasma treated substrates. The transmittance of the thin films reaches 
a maximum of ~80% and it decreases near the absorption edge at 500 nm; this confirms that 
the CdS has good crystallinity [234]. 
The CdS deposited on the plasma treated substrate shows lower transmission compared to the 
film deposited on the untreated substrate, consistently with the higher k measured by 
ellipsometry. The transmittance is lower due to the higher optical density of the CdS film as 
shown by the SEM measurements and the removal of pinholes as shown by the CCI 
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metrology measurements. The Urbach equation can be used to obtain the optical bandgap 
from the absorption coefficient [235] through the formula 
𝜶 = 𝑨�𝒉𝒉−𝑬𝒍�𝒑
𝒉𝒉
                                                             30 
                
where A is a constant, Eg is the band gap energy, v is the frequency, h is the Plank’s constant, 
p is the numerical coefficient. In Figure 58, [αhν]2 is shown as a function of the energy (eV), 
p in this case is 0.5. The single slope in the curve explains the direct transition of electrons 
between the valence band and the conduction band. Extrapolating the linear region of [α]2 up 
to the value α = 0,the band gap energy (Eg) is determined to be 2.34 eV. 
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Figure 57: Transmission and reflection spectra for CdS thin films deposited on TEC 15, comparing the untreated and 
the plasma treated surface, with 20 sccm O2/30 sccm Ar. 
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Figure 58: Energy band gap (Eg) of the untreated and plasma treated sample, estimated from the [𝜶𝒉𝒉]𝟐 = 𝒅(𝒉𝒉) , 
by using the Urbach equation. 
 
The band gap decreased from 2.4 eV to 2.3 eV as a result of the substrate plasma cleaning 
due to the increased density of the film or the small grain size [236].  
 
  Conclusions 3.
Plasma cleaning of FTO-coated glass prior to the deposition of the CdS/CdTe solar cell 
strongly affected the TCO surface, and improved the density and compactness of the 
subsequently deposited CdS thin film. Specifically, the plasma cleaned FTO exhibited 
increased hydrophilic behaviour, due to a reduction or elimination of surface contamination. 
This corresponds to a reduction in water contact angle and increased surface energy. When 
CdS thin films were deposited on to a plasma cleaned FTO surface it has been shown that the 
pinhole density was greatly reduced and virtually eliminated compared with CdS films 
deposited on substrates treated using standard wet cleaning techniques. 
The plasma treatment improved the wettability of the substrate as demonstrated using water 
contact measurements. This improved the optical and morphological properties of the 
deposited CdS thin films, resulting in a higher refractive index related to the increased film 
density and increased grain size of CdS film. The pinhole removal and the increased density 
allow the use of a much thinner CdS layer. Use of a thinner CdS layer actually reduces 
absorption of blue spectrum photons thereby increasing the efficiency of the thin film CdTe 
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cell. All further experiments have incorporated the plasma cleaning process into a full cell 
deposition process to assess the improvement to device performance. 
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  Chapter 6
Chemical Bath Deposition (CBD) of CdS thin films 
 
  CdS as an n-type window layer  1.
The performance of CdS/CdTe heterojunction solar cells is dependent on the quality of the 
underlying CdS/TCO layers. Each layer in the multi-stack structure plays an important role in 
the overall device efficiency. 
Thin film CdS is an n-type semiconductor that works as a window layer. It is desirable that 
the CdS layer is uniform and continuous to suppress short circuit effects [237]. It should also 
be as thin as possible (50-100 nm) to allow a high fraction of the photons with energy above 
its band gap to reach the CdTe absorber and hence produce a high photocurrent [61]. CdS 
thin films have been deposited by using Chemical Bath Deposition (CBD). The deposition 
process has been optimised and CdS layers have been characterised to understand their 
morphological, structural and optical properties. Sonochemical bath deposition (sonoCBD) 
has also been used and the optical, morphological and structural properties of these films 
have been compared to those deposited using the conventional chemical bath. 
 
 Experimental 2.
The experimental work in this work used TEC 15 Fluorine doped Tin Oxide (FTO) coated 
glass as the substrate for the Chemical Bath Deposition (CBD). According to the theory of the 
process, a variety of parameters play a role in the deposition. In this study, the effect of the 
concentrations of chemicals in the bath, the use of different magnetic stirrers (shape and 
speed), and the use of an ultrasonic probe have been investigated. Furthermore, a comparison 
between CBD and sonochemical bath deposited films was performed. The influence of 
different substrates (TEC10/TEC15) on the morphological and optical properties of CdS 
layers was also tested.  
The first objective was the optimisation of the CdS deposition; investigating the influence of 
parameters such as: 
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• Concentration of chemicals used 
The concentration of Cd(CH3COO)2 (cadmium acetate) was varied from 0.01 M to 
0.05 M and from 0.1 M to 0.5 M for SC(NH2)2 (thiourea). A much higher 
concentration was also studied as well (0.3 M) for Cd(CH3COO)2 and 4 M for 
SC(NH2)2. 
• Stirrer shape and speed 
A magnetic stirrer has been used, testing a circular and a cylindrical geometry, 
with speeds varied between 300 rpm and 500 rpm. 
• Deposition time 
The deposition time has been varied from 20 min, 30 min, 40 min and 60 min,  
 
-Substrates used 
• TEC15/TEC10 
Transparent Electrical Conductive glass (TEC) 15 and 10 provided by NSG-Pilkington Ltd 
were used as substrate (Chapter 5). TEC 15 and TEC 10 have a slightly different sheet 
resistance of 15 and 10 Ω/□, respectively, a relatively good transparency and a smooth 
surface. Their properties provide a practical compromise between the electrical and the 
optical requirements for PV devices and in particular for CdS/CdTe solar cells. 
These materials have slightly different properties, determined by the thickness of the top tin 
oxide layer. The general structure is as follows: a 3.2 mm glass substrate, coated with 25 nm 
SnO2, 25 nm SiO2 and a top layer doped with fluorine SnO2:F, (Figure 55) using an 
atmospheric CVD process. The top SnO2 thickness is varied to modify the sheet resistance. In 
general the doped top layer is 450 nm for TEC10 and 350 nm for TEC15. 
 
GLASS
SnO2
SiO2
SnO2 : F
SnO2 : F surface
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Figure 59: A schematic diagram of a multi-layer TEC 15 /10 glass: 
glass/SnO2/SiO2/SnO2:F. 
 
The surface morphologies are only slightly different as TEC10 shows slightly larger grains, 
approximately 50-100 nm, with the roughness of the FTO surface less apparent than the other 
TEC15 glass.  
 
-Deposition process 
The deposition process occurs in a beaker immersed in a water jacket to ensure constant 
temperature (70ºC). 
The solution used for the process is made from Cd(CH3COO)2 (cadmium acetate), CS(NH2)2 
(thiourea), NH4OH (ammonium hydroxide), in de-ionized water. The solution is alkaline with 
a pH of approximately 12.  
The starting point of this process shows a transparent phase of the solution and the substrate; 
after a few minutes the solution changes in colour to pale-yellow, transforming through 
yellow pale-orange and for longer deposition time it finally turns orange, and opaque (Figure 
60). 
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Figure 60: Pictures showing Chemical Bath Deposition processing steps: from the starting point of the process, with 
the transparent phase, to the orange phase of the solution and the substrate, for longer deposition times. 
 
Transparent 
Pale-yellow 
Yellow 
Pale-orange 
Orange 
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2.1.CdS deposition at different molarity 
The first parameter investigated was the concentration of chemical reagents used. 
The SEM images show how the morphology of the deposited films changed from lower to 
higher concentrations (0.01-0.3 M for Cd(CH3COO)2 and 0.1-4 M for SC(NH2)2) and from 
shorter to longer deposition times (20-60 min). 
 
• 0.01 M Cd(CH3COO)2 /0.1 M SC(NH2)2 
Initial depositions used the lowest concentration for the chemical bath of 0.01 M for 
Cd(CH3COO)2 and 0.1 M of SC(NH2)2 using a thin circular stirrer rotating at a speed of 500 
rpm; different deposition times were used to deposit CdS on to TEC15 TCO coated glass 
previously cleaned using the method described in chapter 5. The thickness of the CdS film 
was found to increase linearly with deposition time. 
After a deposition time of 20 min the CdS film appears homogeneous and the surface is 
totally covered. The thickness of this layer was measured to be 25 nm and the film conforms 
to the morphology of the FTO coated substrate. An image of a TEC15 surface is shown in 
Figure 61, as a reference. The similarity in the grain size of the FTO and the image of the 
CdS coated surface supports the observation that the CdS is conformal. An image of TEC10 
is shown in the same Figure 61 (b) as a comparison with TEC15. 
(a) (b) 
 Figure 61: SEM image of TEC 15 (a) and TEC10 (b). 
 
SEM images of CdS thin films deposited for 20 min on TEC15 are shown in Figure 62. 
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Figure 62: SEM images for a deposition time of 20 min of CdS on TEC15. 
 
Experiments were then performed by increasing the deposition time to 30 min, and then 60 
min. Increased deposition time resulted in thicker CdS films of 50 nm, and 90 nm 
respectively, as measured by spectroscopic ellipsometry. 
 
Figure 63: SEM images for deposition time of 30 min of CdS on TEC15. 
 
Figure 64: SEM images for deposition time of 60 min of CdS on TEC15. 
The shape of the stirrer has been found to be very important in the deposition. When a larger 
cylindrical stirrer bar was used, the surface of the TEC15 was not uniformly covered by the 
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CdS layer, as shown in Figure 65. Individual grains of CdS can be observed. The thin film of 
CdS was not conformal or continuous on the TEC 15 surface and defects in the coverage are 
clearly visible in the images. 
 
Figure 65: SEM images deposition time of 60 min of CdS on TEC15, using a larger cylindrical stirrer bar. 
 
 
 
 
 
 
 
• 0.02 M Cd(CH3COO)2 /0.2 M SC(NH2)2 
Depositions were then conducted using a higher concentration for the chemical bath of 0.02 
M for Cd(CH3COO)2 and 0.2 M of SC(NH2)2 using the thin circular magnetic stirrer rotating 
at a speed of 500 rpm; different deposition times were used to deposit CdS on to TEC15 TCO 
coated glass previously cleaned with de-ionised water and in oxygen/argon plasma (chapter 
5). The thickness of the CdS film increased with deposition time. The deposition times 
investigated were 20, 30 and 60 minutes. 
The deposition of CdS for 20 minutes resulted in a much thicker layer of 60 nm. The 
coverage of the TEC 15 substrate was uniform and conformal as shown in Figure 66. 
However, when the deposition time was extended to 30 minutes, voids appeared in the film 
and the resultant film was discontinuous. Figure 67 shows SEM images of the 
inhomogeneous film after 30 minutes of deposition.  
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Figure 66: SEM images for deposition time of 20 min of CdS on TEC15. 
 
Figure 67: SEM images for deposition time of 30 min of CdS on TEC15. 
 
 
 
 
 
 
Further depositions were conducted for 60 minutes. The SEM images of the film are shown in 
Figure 68. These images show further deterioration of the quality of the film. Voids were 
clearly visible and the surface coverage was even more inhomogeneous. The film deposited at 
60 minutes was much thicker and individual grains of diameter ~200 nm were visible. 
However due to the voids and roughness of the film, accurate ellipsometric measurements of 
thickness were not possible.  
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Figure 68: SEM images for deposition time of 60 min of CdS on TEC15. 
 
 
 
 
 
 
 
• 0.03 M Cd(CH3COO)2 /0.3 M SC(NH2)2        0.05 M Cd(CH3COO)2 /0.5 M SC(NH2)2 
Depositions were then conducted using higher concentrations from 0.03 M to 0.05 M for 
Cd(CH3COO)2 and from 0.3 M to 0.5 M of SC(NH2)2 using the thin circular magnetic stirrer 
rotating at a speed of 500 rpm, for deposition times of 20, 30 and 60 minutes. The CdS film 
thickness increased with deposition time.  
Using these higher concentrations, the quality of the films further deteriorated. For this reason 
only the depositions conducted for 20 minutes are shown here. In general, the higher 
concentrations resulted in poor thin film growth. Figure 70 and 71 reveal the appearance of 
clusters and aggregates of grains on the TEC 15 surface. This increased deterioration in 
quality is more evident by comparing Figure 69, Figure 70 and Figure 71. 
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Figure 69: SEM images for deposition time of 20 min of CdS on TEC15 0.03 M/0.3 M. 
 
Figure 70: SEM images for deposition time of 20 min of CdS on TEC15 0.04M/0.4M. The red arrows point out 
clusters and aggregates of grains on the surface. 
 
Figure 71: SEM images for deposition time of 20 min of CdS on TEC15 0.05M/0.5M. The red arrows point out 
clusters of grains on the surface 
 
• 0.3 M Cd(CH3COO)2 /4 M SC(NH2)2 
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In this experiment the highest concentrations, 0.3 M for Cd(CH3COO)2 and 4 M for 
SC(NH2)2, was investigated, with a lower speed of rotation 300 rpm for the thin circular 
stirrer. CdS film thickness increased with deposition time. The deposition times studied were 
20, 30 and 60 minutes. However, since the morphology of the deposited films was poor, only 
the 60 minute deposition is presented in Figure 72 . 
The grains of CdS appeared round and they coalesced with the formation of clusters and 
aggregates on the surface. These films were extremely rough and inhomogeneous and were 
not suitable for use as a window layer in thin film photovoltaics. 
 
.  
Figure 72: SEM images for deposition time of 60 min of CdS on TEC15 0.3M/4M. 
 
According to these experiments, it was concluded that the lowest concentration 0.01 M of 
Cd(CH3COO)2 and 0.1 M of SC(NH2)2 for 30 minutes of deposition time, at a rotation speed 
of 500 rpm produced the highest quality CdS thin film. These conditions allowed the 
deposition of a uniform, thin (~50 nm), pinhole-free and void-free CdS film (as shown in 
chapter 5).  
It was decided to use this set of parameters for the deposition of the thin CdS window layer in 
the CdTe solar devices. 
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 Results and Analysis 3.
3.1.Optical properties and band gap characterisation 
The graphs show transmittance curves (T%) against wavelength (nm) for CdS films deposited 
on to TEC10 glass substrates obtained for different concentrations (0.01 M/0.1 M, 0.02 M/0.2 
M and 0.3 M/4 M) of Cd(CH3COO)2 and SC(NH2)2, respectively. For each of these 
concentrations, different deposition times have been investigated (20, 25, 30, 40, 60 min). 
In Figure 73 Transmission (T%) curves for 0.01 M acetate /0.1 M thiourea, CdS thin films 
deposited on TEC10 are reported. Increasing the deposition time, and, therefore, the film 
thickness, the average T% decreased, as expected. 
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Figure 73: Transmittance curves (T%) against wavelength (nm) for (0.01 M acetate/0.1 M thiourea) CdS thin films 
deposited on TEC10 for different deposition times. 
 
 
 
For a slightly higher concentration, 0.02 M acetate /0.2 M thiourea, Figure 74 shows the T% 
curves for different deposition times. Here, the T% rose towards higher values for the lowest 
deposition times, while it plateaued for the others. This shows that after 30 minutes of 
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deposition the film thickness did not change and the quality of the coverage became even 
worse. 
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Figure 74: Transmittance curves (T%) against wavelength (nm) for (0.02 M acetate/0.2 M thiourea) CdS thin films 
deposited on TEC10 for different deposition times. 
 
 
 
 
 
 
 
 
 
 
 
 
For the highest concentration, 0.3 M acetate/4 M thiourea, the minimum values of 
transmittance were reached at deposition times of 15 minutes. For longer times, the 
uniformity of the film was lost. The transmittance (%) increased due to the presence of voids, 
clusters and aggregates.  
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These transmission results, shown in Figure 75, are consistent with SEM images shown in 
Figure 75. 
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Figure 75: Transmittance curves (T%) against wavelength (nm) for (0.3M acetate/4M thiourea) CdS thin films 
deposited on TEC10 for different deposition times. 
 
From an optical analysis, the band gap has been calculated, and for 30 minutes of deposition, 
for the lowest concentration, it was found to be 2.38 eV which is close to the literature value 
2.42 eV [111] [238] [131]. 
The Urbach equation has been used to calculate the absorption coefficient, defined by the 
formula shown in equation 30 [235]  
 
 
 
 
The estimated band gap from the plot of (𝛼ℎ𝜈)2 versus ℎ𝜈 is shown in Figure 76. 
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Figure 76: CdS band gap, 2.38 eV, calculated from optical measurements, extrapolating the linear region of [α]2 up to 
the value α. 
 
[αhν]2 is shown as a function of the energy (eV). The single slope in the curve explains the 
direct transition of electrons between the valence band and the conduction band. 
Extrapolating the linear region of [α]2 up to the value α=0,the band gap energy (Eg) is 
determined to be 2.38 eV. 
 
3.2.Reaction time 
The reaction time was studied using six different solution colours, from transparent to 
intense-orange: 
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Figure 77: Reaction time graph shows phases of colour against the deposition time, for each concentration used. 
 
The graph in Figure 77 shows the change in solution colour for each concentration (0.01-0.05 
M, 0.3 M) with also the reaction performed without a substrate. For lower concentrations 
there was a direct proportionality with increasing time, step by step, there was a change in 
colour of phase. However it was found that for higher concentrations this proportionality was 
lost and a plateau was reached, as shown in the graph in Figure 77. This is in agreement with 
the theory of growth mode explained in section (4.3) where, for lower concentrations used, 
CdS films followed the Volmer-Weber mode, whereas at higher concentration and higher 
reaction time their growth moved to the Stranski-Krastanov mode [41]. 
These results have confirmed the advantage of using lower concentrations to take advantage 
of a proportional growth of the deposited film in terms of thickness and uniformity of the 
layers. 
 
1
2
3
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3.3.Optical properties and thickness by Spectroscopic Ellipsometry 
Ellipsometry was used to obtain the optical constants and thickness of CdS thin films 
deposited by chemical bath deposition [240]. The model used for the analysis of data is 
shown in Figure 78. It comprises a substrate, TEC15 in this case, an interface layer, the CdS 
layer, and where necessary, a top layer with surface roughness. 
 
 
Figure 78: A schematic diagram of the CdS ellipsometric model. 
 
This optical model was applied to study the optical properties, namely the refractive index, n, 
and the extinction coefficient, k, of the ~50 nm thick CdS layer deposited under the optimised 
conditions of 0.01 M Cd(CH3COO)2, 0.1 M SC(NH2)2, as shown in Figure 79. 
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Figure 79: Optical properties (n and k values) obtained by modelling CdS thin films deposited using 0.01 M 
Cd(CH3COO)2/0.1 M SC(NH2)2. 
 
The dispersion law used for modelling these samples is Tauc-Lorentz2, which is often used 
for semi-absorbing dielectrics and semiconductors. When more oscillators are considered, 
N>1, as in this case, N=2, the expression is: 
𝛆𝐬 �
∑ 𝟏
𝐄
𝐍
𝐬=𝟏  ×  𝐀𝐬∙𝐄𝐬∙𝐂𝐬∙�𝐄−𝐄𝐥�𝟐
�𝐄𝟐− 𝐄𝐬𝟐�𝟐  + 𝐂𝐬𝟐 ∙𝐄𝟐
𝟎                                                                      31 
for 𝐸 > 𝐸𝑔and for 𝐸 ≤ 𝐸𝑔 
where Ai is the Tauc coefficient, 𝐸 the photon energy, 𝐸𝑖 the transition energy of the oscillator 
of highest order, 𝐶𝑖 the broadening term of the peak, and 𝐸𝑔 the optical band gap. 
εr is written as the following sum: 
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𝜺𝒅(𝑬) =  𝜺𝒅(∞) + ∑ 𝟐𝝅  ∙ 𝑷 ∙ ∫ 𝝃∙𝜺𝒅(𝝃)𝝃𝟐− 𝑬𝟐 𝒅𝝃∞𝑬𝒍𝑵𝒅=𝟏                        32 
4 parameters describe the imaginary part of the dielectric part:   
• Ai (eV) is related to the strength of the ith absorption peak. The subscript “i” is 
referred to the number (i=1, 2 or 3) of oscillators. As Ai increases, the amplitude of 
the peak increases and the Full Width at Half Maximum (FWHM) of that peak 
gets slightly larger. Generally 10 < 𝐴𝑖 < 200. 
• Ci (eV) is the broadening term; the higher that peak becomes and at the same time 
the smaller its amplitude is. In general, 0 < 𝐶𝑖 < 10. 
• Eg (eV) is the optical band gap energy. 
• Ei (eV) is the energy of maximum transition probability or the energy position of 
the peak of absorption. The subscript “i” refers to the number (i= 1, 2 or 3) of 
oscillators. Always, Eg< Ei 
 
 
 
 
The graph in Figure 80 shows the thickness (nm) against time (min) for CdS films deposited 
on TEC 15 using the lowest concentrations (0.01 M of Cd(CH3COO)2 and 0.1 M of 
SC(NH2)2 in the chemical bath. 
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Figure 80: Thickness values against time (min) of deposition for the two lowest concentrations used. 
 
 
3.4.Chemical composition and stoichiometry by X-ray Photoelectron 
Spectroscopy (XPS) 
XPS analysis was performed on CdS films deposited using the lowest concentration to 
analyse their stoichiometry. Figure 81 shows the XPS spectra of Cd3d and S2p photoelectron 
core levels for chemical bath deposited films. The position of the peak at 405.8 eV for Cd 
orbital 3d5/2 and the shape and binding energy of 161.6 and 162.8 eV for S2p3/2 and S2p1/2, 
match the theoretical CdS values [126], indicating that CdS was not incorporating oxygen 
into the films. This is also supported by a fitting analysis which showed only the CdS 
component. 
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Figure 81: XPS spectra of Cd3d and S2p photoelectron core levels for chemical bath deposited films. 
 
This confirms that the thin film deposited on TEC TCO coated glass is pure CdS. 
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 CdS thin films by Sonochemical bath 4.
 
4.1.Ultrasonic probe 
Further experiments were performed replacing the magnetic stirrer with an ultrasonic probe, 
to test if the homogeneity of the solution could be improved by the use of the ultrasonic 
waves and how this would affect the CdS film deposition. 
Sonication consists of applying sound energy to agitate particles in a sample. Ultrasonic 
frequencies are higher than 20 kHz. The field of study related to sonication is called 
Sonochemistry. It investigates how the chemical system can be affected and/or altered by 
sonic waves. 
It is not a direct interaction with molecular species, there is no direct coupling of an acoustic 
field with chemical species. Sonochemistry is related to the acoustic cavitation which is the 
formation, growth and implosive collapse of bubbles in a liquid. There are three main areas of 
chemical effect: homogeneous sonochemistry, heterogeneous sonochemistry and 
sonocatalysis [241]. Physical effects of ultrasound result in the improvement of mass 
transport from turbulent mixing and acoustic streaming, emulsification, bulk thermal heating 
and different effects on solids [242]. Choi et al. [132] investigated the influence of 
ultrasonication on the CdS deposition studying the change in film properties. They considered 
the process as an ion-by-ion deposition, where CdS was deposited as a transparent, uniform 
adherent film, but as a late stage of the deposition, CdS colloidal particles, which precipitate 
homogeneously in the bulk solution, absorb randomly on the growing film, leading to an 
opaque, non-uniform and poorly adherent film, called ‘B-quality’ film [243]. These two 
reactions (ion by ion and colloid-by-colloid) usually occur at the same time, even under 
proper control of conditions [244]. The use of the ultrasonic agitation in the bath acts as an 
external force, which might eliminate the ‘B-quality’ component in the CdS films. They 
finally observed that films grown under sonication where compact, uniform; and the 
deposition rates were reduced by suppressing the formation of the B-quality component and 
the growth of CdS grains. The grain size reduced to 3-5 nm from 12-15 nm size observed 
without sonication. The transmittance of these films at long wavelengths (≥520 nm) was 
higher due to the ultrasonication effect and the band gap increased from 2.37 eV to 2.39 eV 
[132]. 
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A similar study has been performed in this project. The ultrasonic probe used for the present 
experimental work was a Microson XL 2000 ultrasonic liquid processor, the probe was 
dipped in the solution and the output power settled at 4 W (RMS). 
 
Figure 82: Ultrasonic probe used in the CdS chemical bath. 
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Sonochemical bath deposited layers of CdS have been characterised by CCI (chapter 4). A 
totally uniform, smooth, pinhole and void free coverage has been observed for a 50 nm thick 
film, as shown in the Figure 83. 
 
 
 
Figure 83: 3D and 2D CCI images of 50 nm thick CdS film deposited by sonochemical bath. 
 
While 30 min of deposition by CBD resulted in a 50 nm thick film, a ~ 70 nm thick film was 
obtained by the sonochemical bath in the same time indicating an increased deposition rate. 
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Transmittance measurements show that 30 min of deposition by CBD on TEC15 are 
comparable with 20 min of sonochemical deposition on the same substrate TEC15 (Figure 
84). 
200 400 600 800 1000 1200 1400
0
10
20
30
40
50
60
70
80
 
 
T%
wavelength (nm)
 CBD 30min TEC15
 sonoch 20min TEC15
 
Figure 84: Transmittance curves of 50 nm thick CBD and sonochemical deposited CdS layers on TEC15. 
 
Sonochemical bath deposited films showed slightly higher transmittance in the long 
wavelength range (over 550 nm), whilst in the short wavelength region the CBD film showed 
higher transmittance values. According to the literature, crystalline defects such as grain 
boundaries or dislocations are responsible for the absorption of light in the longer wavelength 
region (λ ≥ 520 nm) [132][245]. Therefore, it is assumed that sonochemical deposited films 
have a lower defect density, which may lead to better electrical properties. 
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Additionally, transmission of light in the shorter wavelength range may result from thin films 
or layers without a perfectly uniform thickness, i.e. with voids or pinholes. As a consequence, 
the lower transmittance values observed for the sonochemical bath deposited films indicated a 
denser and more uniform structure.  
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Figure 85: (a) Transmittance curves of CBD and Sonochemical CdS deposited films on TEC10, for 30 and 60 min of 
deposition. (b) Comparison of T% curves between (~100 nm thick) CBD and Sonochemical deposited layers on 
TEC10 in the range 300-800 nm. 
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The chemical XPS analysis showed the Cd peaks at 405.8 eV and 412.3 eV for Cd3d5/2 and 
Cd3d3/2 respectively, and the shape and the binding energy of 161.6 eV and 162.8 eV 
measured for S2p3/2 and S2p1/2 matched the theoretical values for CdS [126] indicating 
that the deposited CdS films were stoichiometric and no oxygen was incorporated into the 
film.  
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Figure 86: (a) and (b) shows the XPS spectra of Cd3d and S2p photoelectron core levels measured for CdS films 
chemical bath and sonochemical both deposited at 70ºC with Cd(CH3COO)2 0.01 M, NH4OH 25% and CS(NH2)2, 
0.1 M. 
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The two peaks show different intensity. This might be related to the different film density 
which is higher for the sonochemical deposited CdS film than for the chemical bath deposited 
films. This is supported by the transmittance analysis discussed above. 
The band gap (Eg) has been extrapolated by using the Tauc plot (as explained in chapter 4) 
for 50 nm CdS thin films deposited by CBD and sonochemical bath. The graph shows a 
comparison between the Eg for both of the films, and the extrapolated energy band gap which 
lead to the same value, 2.38 eV. 
 
Figure 87: Band gap (Eg) of 50 nm CdS thin films deposited by CBD and Sonochemical bath on TEC10 extrapolated 
by Tauc plot. 
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The SEM analysis showed that the top surface morphology and the grain size is similar for 
both CB and sonochemical depositions as shown for the CBD and sonochemical CdS layers, 
50 and 100 nm thick, deposited on both TEC10 and TEC 15 substrates.  
(a)   (b) 
Figure 88:  50 nm thick CBD (a) and sonochemical deposited CdS (b) on TEC15 .Grain size in the range of 133 nm. 
(a)   (b) 
Figure 89: 50 nm thick CBD (a) and sonochemical deposited CdS (b) on TEC10. Grain size in the range of 160 nm. 
 
(a)   (b) 
Figure 90: 100 nm thick CBD (a) and sonochemical deposited CdS (b) on TEC10. Grain size in the range of 200 nm. 
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The ellipsometric analysis shows that the use of ultrasonics in the deposition bath promoted 
the growth of films with higher optical density with higher refractive index (Figure 91). 
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Figure 91: Ellipsometric analysis with n and k values for 50 nm thick CdS films deposited by CBD and Sonochemical 
bath on TEC15 (a) and TEC10 (b). 
 
 Conclusions 5.
Chemical bath deposition of CdS thin films on TEC glass has been performed and optimised 
by testing several of the parameters involved in this deposition including the concentration of 
chemical reagents used in the bath, shape and size of magnetic stirrers, and deposition times. 
It has been found that using the lowest concentration 0.01 M of Cd(CH3COO)2 and 0.1 M of 
SC(NH2)2 a deposition time of 30 minutes produced the highest quality CdS thin films. These 
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process conditions allowed the growth of uniform, thin (~50 nm), pinhole and void-free CdS 
layers.  
This set of parameters was then used for the deposition of the thin CdS window layer in the 
CdTe solar device. 
Replacing the magnetic stirrer with the ultrasonic probe resulted in CdS films with higher 
optical density, higher refractive index, pinhole and void-free, more compact and uniform 
along the surface and through the thickness of the deposited material. These optical and 
morphological properties have been established for CdS films deposited on both TEC15 and 
TEC10. A higher refractive index and more uniform distribution of grains were obtained for 
films grown on TEC10. For this reason the ultrasonic probe was used in all subsequent 
experiments. 
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  Chapter 7
Pulsed DC Magnetron Sputtering of CdS thin films 
 
The main topic of this thesis is the study of the novel process of Pulsed DC Magnetron 
Sputtering to deposit CdS and CdTe thin films. This chapter is focused on the optimisation of 
the deposition conditions for CdS thin films by analysing the effect of different process 
parameters such as the working gas flows, deposition power, and the deposition temperature. 
The study includes an analysis of how these parameters affect the deposition rate, crystal 
structure, chemical composition, morphology and optical properties of CdS layers 
 
 Experimental 1.
 
CdS thin films were deposited by pulsed DC magnetron sputtering using a ‘PV Solar’ 
sputtering system (Power Vision Ltd., Crewe UK). The pumping system consists of a 
turbomolecular pump backed by a rotary pump. The machine has two vacuum chambers; a 
main chamber and a smaller load lock chamber. The load lock enables faster loading and 
unloading of samples (Figure 92 (b)). Efficient water cooling is required to prevent 
overheating and this is provided by an external 3.2 kW recirculating water chiller.  
The system is equipped with four six inch diameter circular magnetrons mounted vertically, 
with an option to replace one of the magnetrons with a plasma source for reactive sputtering. 
The samples were mounted vertically on a rotatable carrier, designed for 5 cm x 5 cm 
substrates. The target to substrate distance is typically 10 cm. During the deposition 
process the carrier is typically rotated at 120 rpm, as shown in the Figure 92 (c). This 
provided excellent uniformity in the horizontal direction. Uniformity in the vertical direction 
was achieved by using disposable masks mounted in front of the magnetron target. The CdS 
thin films were sputtered using a pulsed DC power supply (Advanced Energy Inc. Pinnacle 
plus, 5 kW) using argon as the working gas [246]. 
Chapter 7 
 
144 
 
(a) 
(b)                (c) 
Figure 92: A schematic diagram of the PV Solar’ sputtering system (Power Vision Ltd., Crewe UK) used for this 
work (a) The main chamber and the lower load lock to allow loading and unloading of the substrates (b) The carrier 
can rotate at typically 120 rpm (c). 
 
The CdS thin films were deposited on NSG-Pilkington (http://www.pilkington.com/) TEC15 
and TEC10 Fluorine doped tin oxide (FTO) coated glass substrates. Prior to the CdS 
deposition, the substrates were externally cleaned following the procedure already 
described in chapter 5. The chemical composition, microstructure and optical properties of 
the CdS thin films were investigated (details are described in chapter 4). The Electron 
Backscattered Diffraction (EBSD) was used for crystal analysis to measure the structure and 
orientation in the solid crystalline phase. Transmission Electron Back-Scatter Diffraction (t-
EBSD) was used because it offers the superior resolution suitable for the characterisation of 
Turbo PumpVariable 
Conductance
Deposition Magnetron
Loadlock Door
120rpm
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the small grains of the sputtered CdS material. t-EBSD was carried out using a dual beam 
FEI Nova 600 equipped with an ultra-high speed Hikari, Electron backscattering diffraction 
(EBSD) camera, using a beam current of 6.7 nA and an acceleration voltage of 30 kV.  
 
 Results and Discussion 2.
 
2.1.CdS composition, structure and morphology 
Figure 104 shows the XPS spectra of Cd3d and S2p photoelectron core levels measured for 
CdS films deposited at different Ar gas flows. The position of the Cd peaks was 405.8 
eV and 412.3 eV for Cd3d5/2 and Cd3d3/2 respectively, the shape and the binding energy of 
161.6 eV and 162.8 eV measured for S2p3/2 and S2p1/2 matched the theoretical values 
for CdS [20]. This indicated that the deposited CdS films are stoichiometric and no oxygen 
was incorporated into the film. This is also supported by a fitting analysis which showed 
only the CdS component.  
The XPS analysis of CdS films deposited at different values of Ar gas flow, deposition 
power and temperature showed that the chemical composition of the sputtered film CdS was 
unaffected by the deposition parameters, reason why only one spectrum has been shown in 
Figure 93. The other spectra acquired at different gas flows, deposition power and 
temperature are not shown in the figure.   
 
 
Figure 93: XPS spectra measured for pulsed DC deposited CdS, showing photoelectron core levels of (a) Cd3d5/2 
and Cd3d3/2 and (b) S2p for CdS thin films deposited at 10 sccm Ar, 500 W and 150 kHz. For (a) the fitting is 
achieved with a single Gaussian peak due to CdS and for (b) the fitting shows the splitting of S2p3/2 and S2p1/2. 
The green line below shows the error fitting function.    
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Figure 94 shows the XRD spectra obtained from a CdS sample sputtered with Ar flow of 10 
sccm on a TEC15 glass substrate. Diffraction peaks due to the (002), (100), (101), (102), 
(110) and (103) reflections indicate the hexagonal phase for the CdS thin film. 
 
 
Figure 94: (a) XRD pattern, (b) Kikuchi pattern from EBSD in SEM and (c) index ed Kikuchi  pattern of a 
CdS film sputtered on TEC15 coated glass for 3600 s, 10 sccm Ar, 500 W, 150 kHz, 2 s (ramp time), 2 μs (reverse 
time). The * in (a) indicates peaks due to the TEC 15 glass substrate. 
 
The hexagonal phase was also found in t-EBSD analysis carried out on various grains. Each 
Kikuchi line, in the Kikuchi diffraction pattern collected in transmission electron back- 
scattered diffraction from a cadmium sulphide grain, is associated with Bragg 
diffraction from one side of a single set of lattice planes and they can be labelled with the 
same Miller indices that are used to identify diffraction spots. Figure 94 (b-c) shows a 
large number of bands overlaid on a typical diffraction pattern obtained from the CdS 
sputtered sample, which provides evidence that each grain has a hexagonal crystal 
structure. 
The relative (and absolute) orientation of individual grains within the coating is shown in the 
inverse pole figure (IPF) map shown in Figure 95. The inverse pole figure (IPF) maps uses a 
basic RGB colouring scheme to display absolute orientation relative to a stereographic 
triangle. The transmission electron back-scatter diffraction map in Figure 95 (a) shows local 
preferred growth directions of the columnar grains. Furthermore, the high resolution 
transmission electron back-scattered diffraction phase/confidence index map in Figure 95 (b) 
shows that within the grains there is a high degree of indexing, while at grain boundaries the 
Kikuchi pattern quality is reduced and therefore they are shown as darker regions, 
highlighting the columnar structure of grains, also confirmed by the TEM cross section and 
SEM fracture cross section images of a 1.6 μm thick CdS film deposited on TEC10 
glass shown in Figure 95 (c) and 91 (d), respectively. The TEM image in 91 (d) shows the 
(b)
(c)
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grain size is typically ~50 nm and the onset of grain coalescence is observed from the SEM 
surface images, shown in Figure 96 and 97. 
 
 
 
Figure 95: (a) Transmission electron back-scatter diffraction derived map overlaid with inverse pole figure of a 
sputtered CdS sample. Different colours represent different orientations for grains as shown in the inverse pole figure 
(IPF) map. (b) Transmission electron back-scatter diffraction derived phase/Confidence index map from a CdS 
sputtered sample; the dark parts are related to the grain boundaries. (c) SEM fracture cross section of 1.6 μm thin 
film of CdS sputtered with 10 sccm Ar for 3600 s, 500 W. TEM image (d) of the same sample. The film shows a 
structure with thin columnar grains.  
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The SEM images in Figure 96 show the surface morphology of the deposited CdS film, 
measured for films deposited at different gas flows and deposition powers. The surface 
morphology appeared to be mostly unaffected by the Ar gas flow and the deposition power. 
The substrate temperature was ambient, a few degrees above room temperature due to the 
interaction with the magnetron plasma. The thickness was maintained at ~270 nm for the set 
of experiments. 
 
 
 
 
Figure 96: SEM images of CdS films deposited at 600 s, 150 kHz, 2 s, 2.5 μs, by changing (a) the Ar gas flow 
from 10 sccm to (b) 20 sccm and power from 500 W to (c) 1500 W.  
 
 
 
 
 
 
Chapter 7 
 
149 
 
Figure 97 (a-c) shows SEM images of 100 nm thick CdS thin films deposited at different 
temperatures (250ºC, 300ºC and 400ºC). Increasing the deposition temperature from 250ºC to 
400ºC resulted in morphology changes of the deposited CdS films. The grains of the films 
deposited at 250oC appeared to have a round shape. The thin films deposited at higher 
temperature (300ºC and 400oC) were more compact and showed a more uniform grain size. 
 
 
 
 
Figure 97: SEM images of 100 nm thick CdS films deposited at150 kHz, 2 s, 2.5 μs, 500 W by changing the 
deposition temperature (a) 250oC (b) 300oC (c) 400oC. 
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Figure 98 shows a typical surface profile obtained using SWLI for samples deposited using 
an Ar flow of 5 sccm and 20 sccm. The analysis showed that films deposited at Ar flows 
below 20 sccm had a smooth uniform surface, but when the Ar flow was increased to 20 sccm 
voids appeared in the SWLI image of the film surface. The voids appear as deep pits in the 
surface, a 2D cross section across recorded voids shows that the detected pinholes were 174 
nm deep. The thin film was 270 nm thick, therefore, these pits were voids in the deposited 
film but no pinholes were detected. 
 
 
Figure 98: SWLI surface maps of CdS films deposited at different Ar flows: 5 sccm (a) and 20 sccm (b). 2D cross 
section across recorded voids in the surface of CdS deposited at 20 sccm Ar flow(c). The thickness of the CdS 
layer was 270 nm. 
 
 
2.2.Optical properties of the deposited CdS films 
To analyse SE data and derive the energy band gap and refractive index of films, a three-
layer model was used consisting of TEC-substrate/interface/CdS-film/surface- roughness/air; 
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for the TEC substrate, the SE experimental file recorded just before starting the deposition, 
was used without any assumption; the interface was a Bruggeman effective medium (BEMA) 
[28] mixture of the top layer of the TEC substrate (SnO2:F) and CdS; the CdS optical 
properties were parameterised using a double Tauc Lorentz dispersion formula [226] 
(equations 31 and 32). The surface roughness was a BEMA mixture of 50% CdS and 50% 
voids. The fit parameters were the Tauc parameters and layer thicknesses. 
Figure 99 shows the derived optical properties of the CdS film deposited at 10 sccm of Ar 
flow and 500 W deposition time for 600 s. The peak at 2.7 eV is the E0 inter-band transition 
[233] and is consistent with the absorption edge of hexagonal CdS [31], while the E1 inter-
band transition at 4.9 eV is just at the end of the experimental measurement range. 
The uniformity of the optical properties and thickness of the deposited films was verified by 
ellipsometric mapping; Figure 99 shows the distribution of the refractive index (c) and 
thickness (d) on a 5 mm x 5 mm area. Typically the refractive index changed in the range 
2.50- 2.54, with a standard deviation of σ < 0.01. 
 
Figure 99: Refractive index spectra of a 400 nm CdS thin film, (a) real (n) and (b) imaginary part (k), with marked 
E0 and E1 inter-band transitions points;(c) shows a map of refractive index at 550 nm, area of 5 mm x 5 mm 
outlined by 25 different points; (d) shows a thickness map of CdS layer 400 nm thick on a 5 mm x 5 mm area 
outlined by 25 different points. 
 
(a)
(b)
(c)
E0
E1
(d)
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The transmittance of this film reaches a maximum of ~80% and decreases to 0% near the 
absorption edge at 500 nm (Figure 100). From the Tauc plot, an energy band gap (Eg) of 2.31 
eV has been determined.  
 
Figure 100: Energy Band Gap, 2.31 eV and Transmittance curve, as inset, for CdS film deposited at 600 s, 500 W, 
150 kHz, 2 s, 2.5 μs with 10 sccm of Ar on TEC15 and soda lime glass. 
 
Figure 101 shows refractive index, extinction coefficient, and transmittance measured for 
films deposited at different gas flows. The measurement showed that, while the extinction 
coefficient and band gap do not change significantly, the increase in the gas flow resulted in a 
lower refractive index. This is consistent with the SWLI results where for higher Ar flows, 
voids were present in the surface of the CdS films. Voids are known to reduce refractive 
index of material because the optical density is affected by the presence of these defects in 
the material. Consequently, the transmittance changed slightly in the range 75% - 80%. 
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Figure 101: (a) refractive index, n; (b) extinction coefficient, k. for thin film CdS deposited using different argon gas 
flows. 
 
Figure 102 shows that the deposition power affected the refractive index of films, as shown 
by the spectra for CdS films deposited at 5 sccm Ar flow at different deposition powers of 
500, 1000, 1250 and1500 W. 
 
Figure 102: Refractive index (a) and extinction coefficient (b) of CdS films sputtered at different deposition powers: 
500, 1000, 1250 and 1500 W. 
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2.3. The effect of deposition parameters on the deposition rate 
The influence of deposition power and gas flow on the deposition rate was studied. The 
results are shown in Figure 99 and Figure 100. The deposition rate increased linearly with 
the deposition power. The deposition rate was affected by the argon flow rate and working 
gas pressure with rate increasing from 4.26 nm/s at a flow rate of 5sccm to 5.33 nm/s at 20 
sccm, as shown in the inset. Increasing the amount of argon gas flow (higher than 20 sccm) 
the deposition rate decreased. Therefore, the investigated range of gas flow was between 5 
and 20 sccm of argon.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 103: Deposition rate as a function of argon gas flow at 500 W deposition power. 
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Figure 104: Deposition rate as a function of deposition power (150 kHz, 10 sccm Ar) . 
 
The effect of substrate temperature on the deposition rate was also investigated. Figure 
105 shows the measured deposition rates for different substrate temperatures up to 400ºC. 
The deposition rate decreased with increasing substrate temperature [126]. 
 
Figure 105: Deposition rate as a function of deposition temperature. The first point on the x-axis represents the 
deposition processed without heating.  
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 Conclusions 3.
 
Pulsed DC magnetron sputtering, at 150 kHz, resulted in a highly stable process with no 
plasma arcing. It allowed close control of film thickness using time only. There was no 
requirement for feedback using quartz crystal monitoring. These conditions were used to 
deposit CdS films. 
A comprehensive analysis of the micro-structural and optical properties of the CdS films 
as a function of argon gas flows, power, temperature, and deposition time showed that CdS 
films deposited by pulsed DC sputtering were uniform, columnar and smooth, and in all cases 
the films were stoichiometric and this was unaffected by gas flow, deposition power or 
temperature. All the films were in the preferred hexagonal structure even at room temperature.
The films exhibited a high level of texture in the <001> direction. The grain size was 
typically ~50 nm. Pinholes and voids could be avoided by reducing the working gas pressure 
using gas flows below 20 sccm. 
The mapping of the refractive index showed that the deposited CdS thin films were very 
uniform to ±0.8 %. The band gap was measured to be 2.31 eV while refractive index (n) was 
measured to be 2.52 +/- 0.02. Increase in the gas flow lead to a reduction in the refractive index, 
while increasing the deposition power resulted in an increase of the refractive index. Pulsed DC 
magnetron sputtering allowed close control of the thickness by changing the gas flows, 
deposition power and deposition temperature. By increasing substrate temperature up to 400oC, 
the morphology of the thin film changed, leading to a more compact layer. 
The deposition rate achieved using pulsed DC magnetron sputtering is of particular note. 
Using 1500 W of deposition power at the magnetron target (corresponding to a power density of 
~ 8.5 Wcm-2) at 150 kHz pulsing frequency and 10 sccm argon gas flows, the deposition rate 
was measured to be 1.33 nm/s. However, this rate is achieved on a 5 cm x 5 cm substrate 
located on a 180 mm diameter rotating carrier. In this configuration, the substrate is exposed to 
the deposition flux only for a fraction of each revolution. The equivalent deposition rate for a 
static substrate is 8.66 nm/s, which is significantly faster than that which can be achieved using 
a chemical bath deposition or RF magnetron sputtering. As an example, the typical thickness of 
the CdS window layer in a thin film CdTe device is ~100 nm and this could be deposited in less 
than 12 seconds. The high deposition rate makes the process highly attractive for industrial 
scale-up. Although target utilisation is poor with the planar magnetrons used in this study, this 
limitation could be overcome in a manufacturing environment by using rotating magnetrons. 
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  Chapter 8
Pulsed DC Magnetron Sputtering of CdS:O thin films 
 
 Introduction 1.
The optical properties of the CdS layer limit the short circuit current density and efficiency of 
thin film CdTe TF-PV. The main drawback of CdS is its band gap (2.45 eV) which causes 
absorption losses below 500 nm and therefore limits the photocurrent of thin film CdTe 
device. One solution to this problem is to deposit a thinner window layer to reduce these 
losses [247]. Alternatively, the transmission can be improved by engineering the band gap of 
the CdS layer [248]. It has been shown previously that by adding oxygen to the working gas 
pressure in an RF sputtering deposition process it is possible to deposit an oxygenated CdS 
(CdS:O) layer with an improved band gap [249][250]. An increase of the band gap of CdS 
thin films can lead to improve carrier collection due to extra carriers generated. Wu et al. [24] 
have developed a process for depositing oxygenated amorphous CdS window layers (a-
CdS:O) at room temperature by RF sputtering. These materials showed a higher optical band 
gap (2.5-3.1 eV) compared to poly-CdS film, with an amorphous structure, due to the high 
atomic concentration of oxygen incorporated in the film. They showed that the presence of 
oxygen suppressed the Te diffusion from CdTe layer into the window layer and the CdSxTe1-x 
alloy formation. Testing the full device (depositing CdTe by CSS), with the integration of the 
amorphous layer in the cell, gave an improvement in Jsc (25.85 mA/cm2), while Voc and FF 
were also higher, achieving a total-area efficiency of 15.4%. Gupta et al. [251] studied the 
oxygenated CdS layer sputtered at room and high temperature. They observed a red shift of 
the absorption edge (from 2.35 to 1.94 eV) when the deposition temperature was 250ºC, 
compared to a blue shift which was observed for depositions performed at room temperature 
(from 2.26 to 3.28 eV). The presence of oxygen promoted the formation of an amorphous 
structure. QE measurements, after the deposition of CdTe by CSS, showed improved current 
collection from blue region with CdS:O layers. RF magnetron sputtering deposition of CdS 
layers in an argon/oxygen environment with oxygen flow varying from 0 % to 3 % of argon 
has also been performed by the CSU group [252]. They also found higher transmission in 
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spectral region at higher oxygen incorporation, leading to higher device current and also 
increased quantum efficiency at wavelengths below 500 nm.  
 
Unfortunately, RF magnetron sputtering is not well suited to volume manufacturing due to its 
low deposition rate and the complexity of matching circuits. In this study, the properties of 
thin film oxygenated cadmium sulphide CdS:O deposited at high rates using pulsed DC 
magnetron sputtering have been investigated. 
 
 Experimental 2.
The thin film layers of CdS:O were deposited by pulsed DC magnetron sputtering (PDCMS) 
using a “PV Solar” deposition system manufactured by Power Vision Ltd., (Crewe, UK). The 
layers of CdS and CdS:O were sputtered at ambient temperature using a pulsed DC power 
supply (Advanced Energy Inc. Pinnacle Plus 5 kW) in an argon/oxygen environment. The 
99.999% CdS 150 mm circular target was sputtered at 500 W using a 150 kHz pulsing 
frequency. The pulse reverse time was set to 2.5 µs. At these deposition conditions, the 
plasma arcing was minimal during the film growth. The CdS:O films were deposited with 
oxygen supplied to the chamber through a computer controlled mass flow controller. The 
films were first deposited on 1 mm thick soda lime glass slides to allow the measurement of 
the optical properties of the materials deposited and to establish their deposition rates. Once 
the process conditions had been optimised, ‘TEC10’ TCO coated glass substrates (NSG-
Pilkington) were used. The use of pulsed DC magnetron sputtering to deposit CdS has been 
reported elsewhere [253]. 
The microstructure, composition and optical properties of the deposited CdS:O films have 
been investigated using techniques described in chapters 4 and 7.  
 
 Results and discussion 3.
Figure 106 shows a composite image of a range of CdS:O films deposited using different 
oxygen gas flows (2 sccm – 10 sccm). The films were deposited on to a 1 mm thick soda lime 
glass substrate. A direct comparison between the deposited thin films on glass shows that the 
colour of the deposited film changed from orange to almost completely transparent as the 
oxygen gas flow was increased. 
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Figure 106: Photographs of CdS:O films deposited using increasing oxygen gas flows. 
 
A BF-TEM image of a CdS cross section deposited by pulsed DC magnetron sputtering is 
shown in Figure 107. The BF-TEM image shows that the material had a structure consisting 
of grains extending through the thickness of the material and crystallites with a semi-
amorphous structure which coalesced forming columnar structures which extended through 
the thickness of the CdS layer. 
 
Figure 108 shows BF-TEM cross section images of CdS:O films deposited using increasing 
oxygen flows. The addition of oxygen to the deposition plasma resulted in the growth of 
amorphous films. The types of crystallites which were present in the BF-TEM image of the 
CdS film (Figure 108) are only visible in the image of the film deposited using 2 sccm flow 
of oxygen.  
 
 
 
Figure 107: BF-TEM image of thin film CdS cross section deposited on TEC 10 without the addition of oxygen at 500 
W and 10sccm Argon flow. 
 
TEC10 
 
Chapter 8 
 
161 
 
Figure 109 shows a BF-TEM cross section image of a CdS:O film grown on TEC10 using a 
10 sccm oxygen flow. The thin film was completely amorphous. The influence of 
incorporating oxygen in the CdS film is clear by comparing the images in Figure 107 and 
Figure 109. 
 
 
 
Figure 108: BF-TEM cross section images of CdS:O films deposited on TEC10 using increasing O2 gas flows during 
the deposition. 
 
TEC10 
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The cross section also shows that the films were compact and that they provided uniform 
coverage of the TEC 10 substrate surface. No voids were detected at the interface and no 
voids or pinholes were present in the deposited material. 
 
 
 
Figure 109: BF-TEM image of a 200 nm thick CdS:O thin film cross section on TEC10. The film was grown at 10 
sccm oxygen flow during the deposition. 
 
Figure 110 shows SEM surface images of the CdS:O films deposited by pulsed DC 
magnetron sputtering at various oxygen gas flows. The BF-TEM analysis shows that the 
oxygenated films were amorphous. The SEM images and BF-TEM cross sections show that 
the morphology of the surface was affected by the morphology of the underlying TEC10 
substrate but it is also dependent on the deposition conditions used. The analysis shows that 
when the oxygen flow rate was increased, the average feature size at the surface increased 
from ~170 nm to ~230 nm for the film deposited at 10 sccm O2 flow rate. 
 
TEC10 
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Figure 110: SEM images of the CdS:O films deposited on TEC 10 fluorine doped tin oxide coated glass using different 
O2 gas flow rates.  
 
Spectroscopic ellipsometry measurements of the deposited samples were carried out to 
measure the thickness and the dispersion of the refractive index. Figure 111 shows the 
dispersion measured for each of the deposited films. The spectra of the films deposited using 
lower oxygen gas flows showed two distinct peaks. The two peaks gradually merged into one 
broader peak as the oxygen flow was increased during the deposition. This is caused by the 
initial decrease and thereafter the removal of the thin film crystallinity [254]. The refractive 
index of the films decreased as a result of increasing the addition of oxygen to the deposition 
plasma as shown in Figure 112. 
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Figure 111: The measured refractive index (n) dispersion of CdS:O films deposited using different O2 flows.  
 
 
 
Figure 112: The refractive index at 550 nm for films deposited using different oxygen flow rates during the sputter-
deposition process. 
 
The deposition rates were calculated from the film thickness measurements obtained by 
spectroscopic ellipsometry. Figure 113 shows the deposition rates measured for films 
deposited using different O2 flows. The deposition rate of the films decreased as the oxygen 
flow rate was increased. The deposition rate varied from ~2.44 nm/s to ~1.49 nm/s as the 
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flow of oxygen was increased from 0 sccm to 10 sccm. The power supplied to the magnetron 
during the depositions was fixed at 500 W for these experiments.  
 
 
 
Figure 113: The measured deposition rates for CdS:O films deposited using different O2  gas flow rates (0-10 sccm). 
 
The optical transmission of the films was measured using a spectrophotometer. Figure 114 
shows the transmission measured for films deposited at increasing O2 flow rates. The 
thickness of the deposited films was kept constant for all samples. However, due to the 
change of refractive index as a result of the oxygen addition into the film, the dispersion 
characteristics were changed. The oxygen flow also affected the transmission of the films. 
The transmission data shows a strong blue shift of the absorption edge as the oxygen gas flow 
rate was increased during the film growth. The absorption edge shifted from ~500 nm down 
to ~350 nm for the thin film deposited using a 10 sccm oxygen flow. 
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Figure 114: The transmission spectra measured for CdS:O films deposited using increasing O2 gas flows (~200 nm 
thick). 
 
The band gap of the deposited material was calculated from the transmission data using the 
Tauc’s plot method [40]. The band gap calculations are shown in Figure 115. The band gap of 
the deposited CdS:O films increased from 2.38 eV to 3.1 eV as more oxygen was 
incorporated in the thin films during the deposition. The relationship between band gap and 
the oxygen gas flow used is shown in Figure 116. Therefore, the band gap of the deposited 
material can be accurately controlled during the deposition through control of the oxygen 
flow.  
Figure 117 shows calculated values of current loss in a window layer as a function of band 
gap. The current loss was calculated assuming full absorption in the window layer and that 
the entire AM1.5g spectrum was transmitted into the window layer. The values were 
calculated as the current available from the AM1.5g spectrum between 350 nm and the 
absorption edge defined by the band gap. The analysis shows that for material with a 2.38 eV 
band gap the absorption could cause losses up to 8.4 mA/cm2. The current losses reduced to 
only 1.9 mA/cm2 when material with a band gap of 3.1 eV was used. For thinner layers the 
losses would be reduced much further. A band gap of 2.38 eV was measured for a pulsed DC 
sputtered layer of CdS and 3.1 eV was measured for CdS:O film deposited at 10 sccm O2 
flow. The film deposited at 6 sccm O2 flow had a band gap of 2.65 eV and this would limit 
the losses to 5 mA/cm2 which is a reduction of 3.4 mA/cm2 compared to using CdS. Using 
CdS:O deposited at 8 sccm O2 flow would limit the losses to 3.8 mA/cm2. However, further 
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work is required to evaluate the possible corresponding detrimental effects of cadmium 
sulphate in the films. 
 
 
 
Figure 115: The band gap extraction using Tauc’s plot method from the measured transmission data. 
 
 
Figure 116: The band gap of deposited CdS:O films as a function of oxygen flow rate used during the deposition.  
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Figure 117: Maximum photocurrent loss due to absorption in the window layer as function of the window layer’s 
band gap. 
 
Figure 118 shows a sequence of XRD spectra measured for the range of deposited CdS:O 
films. The structure of the thin films sputtered with and without oxygenation was found to be 
in the more stable hexagonal crystalline structure. The intensity of the peaks decreased as a 
result of adding O2 to the deposition plasma and the films became amorphous for higher 
oxygen flow rates. This is similar to behaviour reported for the RF sputtered CdS:O films 
[249]. The XRD spectra of the CdS:O thin film deposited at 10 sccm O2 flow shows a peak at 
2θ: 27.16º. This indicates a formation of orthorhombic crystalline structure of CdSO4 with 
<002> orientation. The XRD spectrum of a CdS film deposited using the same conditions but 
without O2 flow is plotted for reference in (a). 
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(a)
(b) 
Figure 118: (a) XRD spectra of a CdS thin film deposited without oxygen provided for reference (b) XRD Spectra of 
CdS:O deposited at different oxygen flow rates. 
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XPS was used to measure the composition of the deposited films. The surface of the sample 
was etched with a low current ion beam for 30 seconds prior to the measurements to remove 
~20 nm of atmospheric contamination and to expose the deposited thin film. 
Figure 119 shows how the atomic composition of the deposited films changed with the 
oxygen flow rate used. The oxygen concentration increased up to 33% when the oxygen was 
added to the deposition plasma using a flow rate of 10 sccm. The cadmium level was constant 
for all the samples at ~50% and the sulphur concentration decreased as the oxygen flow rate 
was increased during the deposition.  
 
 
Figure 119: Atomic concentrations (XPS) of Cd, S and O in the deposited CdS:O films as function of O2 gas flow 
used. 
 
A chemical shift occurs in the XPS sulphur peak which depends on its bonding. The cadmium 
sulphide peak occurs at ~161.5 eV and the sulphate peak is found at ~168.8 eV [255][256]. 
An XPS sulphur spectrum for a film deposited with 2 sccm of oxygen is shown in Figure 120 
and the spectrum shown in Figure 121 corresponds to a film deposited using 10 sccm of 
oxygen in the plasma. 
The XPS spectrum for the CdS:O film deposited using a 10 sccm flow rate shows two distinct 
peaks related to the formation of cadmium sulphate. The peak located at 168.5±0.01 eV 
corresponds to the formation of a CdSO4 in the deposited film. The sulphur in the film 
deposited at 6 sccm was 9% in sulphate form and 91% as sulphide. With increased oxygen at 
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10 sccm, the percentage in the sulphate form increased to 27%. Cadmium sulphate was 
detected in all CdS:O films deposited using O2 flow rates above 2 sccm. 
 
 
 
 
Figure 120: An XPS spectrum of the sulphur peaks measured for a CdS:O sample deposited using a 2 sccm O2 flow 
rate. 
 
Figure 121: An XPS spectrum of the sulphur peaks measured for CdS:O sample deposited using a 10 sccm O2 flow 
rate showing the presence of cadmium sulphate.   
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 Conclusions 4.
Oxygenated CdS films for CdTe TF-PV applications were successfully deposited by using 
pulsed DC magnetron sputtering. The process was highly stable using a pulse frequency of 
150 kHz and a 2.5 µs pulse reverse time. No plasma arcing was detected. A range of CdS:O 
films were deposited by using O2 flows from 1 sccm to 10 sccm during the deposition 
process. 
TEM analysis was used to analyse the crystalline structure of the deposited films. The films 
showed the presence of small crystallites for the lower oxygen flows similar in appearance to 
those observed in CdS films [5]. The films were amorphous at higher O2 flow rates. 
The SEM analysis of the surface of films deposited on TEC10 shows that surface features are 
present reflecting the original morphology of the FTO coated glass substrate. The BF-TEM 
analysis shows that these extended through the thickness of the material. The feature size 
increased from 170 nm to 230 nm as the oxygen flow was increased. 
Transmission measurements showed that the addition of oxygen results in a blue shift of the 
absorption edge from 500 nm to 350 nm due to the widening of the band gap of the deposited 
material. Detailed Tauc’s plot analysis showed that the incorporation of oxygen into the 
deposited films caused the band gap to be widened from 2.38 eV to 3.1 eV thereby 
eliminating absorption losses that would otherwise occur in the CdS window without 
oxygenation. This results in a useful increase in photocurrent [249][257].  
The spectroscopic ellipsometry analysis showed that the refractive index of the deposited film 
decreased from 2.57 to 2.17 at λ=550 nm as the O2 flow was increased. The deposition rate of 
the CdS:O decreased as the O2 flow was increased. The refractive index dispersion measured 
for the films deposited at lower oxygen flows showed two distinct peaks. The peaks gradually 
merged into one broader peak as the oxygen flow increased as the films become amorphous. 
The XRD measurements showed that the deposited films are hexagonal at low O2 flow rates 
but the peak diminished as more oxygen was added to the deposition plasma. The formation 
of CdSO4 was observed for films with O2 flow rates above 2 sccm. 
The XPS analysis showed that the oxygen content in the film increased up to 33% as more 
oxygen was added to the deposition plasma. The concentration of cadmium was unaffected at 
50% and the concentration of sulphur was reduced. Cadmium sulphate formation was 
detected for films deposited using O2 flow rates above 2 sccm. XPS measurements showed 
that for the film deposited at the 10 sccm O2 flow approximately 27% of the sulphur was 
present as cadmium sulphate. This gradual change in chemical structure from cadmium 
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sulphide to cadmium sulphate as oxygen is added to the film will impose a limit on the 
increase in transparency available using this process. 
The deposition process using pulsed DC power was stable and led to the deposition of the 
films at high deposition rates. The addition of O2 to the deposition plasma allows precise 
control of the film properties including refractive index and band gap.   
Importantly, the deposition rates achieved using pulsed DC magnetron sputtering with only 
500 W of power to the magnetron target were in the range ~1.49 nm/s ~2.44 nm/s, depending 
on the oxygen flow rate used. This is a high rate of deposition and much faster than can be 
achieved using RF sputtering (for example a rate of 0.3 nm/s has been reported at 250 W 
[163]). It could be increased further by simply increasing the power to the magnetron. This 
makes pulsed DC magnetron sputtering a viable process for the deposition of an improved 
oxygenated CdS window layer for high efficiency CdTe devices. The combination of tight 
control of the band gap and associated increases in photocurrent together with the high rate of 
deposition makes the use of pulsed DC magnetron sputtering a commercially attractive 
process for high volume manufacturing of thin film CdTe photovoltaic modules.  
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  Chapter 9
The structural properties of CdS deposited by Chemical Bath 
Deposition and Pulsed DC Magnetron Sputtering 
 
Once the depositions of CdS films by CBD and PDCMS had been optimised, the 
morphological, structural and optical properties of each film were analysed and compared to 
understand which deposition method is the most suitable for use in efficient solar cell 
devices.  
 
 Experimental  1.
Transparent Electrically Conducting (TEC 10) glass supplied by NSG-Pilkington 
(http://www.pilkington.com/) was used as the substrate (superstrate) material. The substrates 
were cleaned in a two-step ultrasonic bath process followed by a plasma surface treatment 
prior to the CdS film growth [258]. CdS thin films of ~ 100 nm thickness were deposited by 
pulsed DC magnetron sputtering in a ‘PV Solar’ magnetron sputtering system (Power Vision 
Ltd., Crewe UK), details of the system have been provided elsewhere [259]. The deposition 
conditions were set using the following process parameters: 10 sccm of Ar gas flow, 500 W, 
150 kHz, 2 s (ramping time), 2.5 μs (reverse time). 
Thin films of CdS of ~ 100 nm thickness were also deposited by chemical bath deposition 
(CBD); the reaction occurred in a beaker immersed in a water jacket to ensure constant 
temperature (70°C). The bath solution consisted of 200 ml of de-ionised water, 15 ml of 
Cd(CH3COO)2 0.01 M, 25 ml of NH4OH 25% and 10 ml of CS(NH2)2, 0.1 M. An ultrasonic 
probe was immersed in the solution to accelerate the reaction kinetics [1]. 
The chemical composition, microstructure and optical properties of CdS thin films prepared 
by CBD and PCDMS were investigated and compared using techniques previously described 
in chapter 4.  
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 Results and Discussion 2.
Figure 122 (a) and (b) shows the XPS spectra of Cd3d and S2p photoelectron core levels 
measured for CdS films deposited by PDCMS sputtering and chemical bath deposited at 70ºC 
with Cd(CH3COO)2 0.01 M, NH4OH 25% and CS(NH2)2, 0.1 M, respectively. The binding 
energies of 405.8 eV and 412.3 eV for Cd3d5/2 and Cd3d3/2, respectively, and 161.6 eV and 
162.8 eV for S2p3/2 and S2p1/2 matched the theoretical values for CdS [126]. This indicates 
that the deposited CdS films are stoichiometric and no oxygen was incorporated into the 
films. This is also supported by fitting analysis, which showed only the CdS component. 
 
 
Figure 122: The XPS spectra measured for pulsed DC and chemical bath deposited CdS films, were not affected by 
the deposition conditions, showing photoelectron core levels of (a) Cd3d5/2 and Cd3d3/2 and S2p for CdS thin films 
deposited at 10 sccm Ar, 500 W and 150 kHz and (b) Cd3d5/2 and Cd3d3/2 and S2p for CdS thin films deposited using 
a chemical bath. For Cd3d5/2 and Cd3d3/2, the fitting is achieved with a single Gaussian peak due to CdS and for S2p 
the fitting shows the splitting S2p3/2 and S2p1/2. The green line at the bottom shows the error fitting function. 
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The XRD analysis (Figure 123) is complicated by the coincidence of the TEC substrate and 
CdS film peaks; nevertheless, some analysis can be performed by examining the intensity of 
the peaks and the different attenuation of the TEC peaks. Specifically, the very intense 
<002> reflection for the PDCMS CdS indicates the hexagonal structure with a preferential 
orientation <001>, whereas the CBD CdS films exhibit a cubic structure. The XRD analysis 
was referred to JCPDS database cards (http://www.icdd.com/). 
 
Figure 123: XRD spectra of CBD and PDCMS CdS films. The peaks due to the hexagonal and cubic structure are 
indicated by H and C, respectively. The peaks due to the subtrate are indicated with *. 
 
Figure 124 compares the surface morphologies of PDCMS (a) and CBD (b) deposited CdS 
thin films. The CBD deposited films have smaller crystallites compared to the PDCM 
sputtered films. Both show the onset of grain coalescence.  
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Figure 124: SEM surface images of CdS films deposited by PDCMS (a) and CBD (b). 
 
BF-STEM cross-sectional images of a 100 nm thick CdS film deposited on TEC10 glass by 
PDCMS and CBD are shown in Figure 125 (a) and (b), respectively. The grains expand 
through the thickness of the film deposited by PDCMS with a columnar structure (a) while 
small grainy crystallites grow through the thickness of CBD CdS film (b), consistent with the 
SEM images and XRD data. In both cases, the grains grow by following the structure of the 
substrate surface beneath (TEC10 glass) and voids are not observed at the interface. 
 
 
Figure 125: TEM images of the sputtered CdS film (a) and CBD CdS film (b) both deposited on TEC10 coated 
glasses. 
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Figure 126 shows the derived optical properties, dispersion of the refractive index, n, and 
extinction coefficient, k, of the CdS films deposited on TEC10 by PDCMS and CBD. The 
PDCMS CdS film shows a higher refractive index and a slightly higher absorption at 500 nm 
with sharper interband transition E1 [233] (Figure 126 (b)). This can be explained by the 
increased grain size, increased density, and higher crystallinity observed for the films 
deposited by PDCMS compared to the CBD deposited CdS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 126: Refractive index dispersion a of 100 nm CdS thin films, (a) real (n) and (b) imaginary part (k). 
 
The transmittance of the thin films reaches a maximum of ~75% (this includes the effect of 
absorption in the TEC10 substrate) and decreases near the absorption edge at 500 nm, 
confirming the crystallinity of the CdS thin films (Figure 127, inset). The PDCMS CdS has a 
lower transmission than the CBD deposited CdS, due to its higher optical density, in 
agreement with the ellipsometric analysis. Figure 127shows the band gap (Eg) determined 
from the Tauc plot. The PDCMS CdS has a band gap of 2.34±0.01 eV compared to 2.38±0.01 
eV measured for the CBD CdS. 
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Figure 127: Energy Band Gap, 2.34±0.01 eV and 2.38±0.01 eV for PDCMS and CBD thin films, respectively. 
Transmittance curve, as inset, for CdS films on TEC10 glass (the sample in the spectrophotometer is positioned 
letting the light pass through the glass/TCO/CdS layers). 
 
The deposition rate for CdS obtained using pulsed DC magnetron sputtering was 0.44 nm/s 
using only 500 W power on a six inch circular magnetron target. This rate is achieved on a 5 
cm x 5 cm substrate located on a 180 mm diameter-rotating substrate carrier. The equivalent 
deposition rate for a static substrate is ~2.86 nm/s. The deposition rate using CBD is much 
slower (0.027 nm/s); to deposit a 50 nm thick film of CdS required about 30 minutes, and a 
thickness of 150 nm needed one hour. 
 
 Conclusions 3.
The properties of CdS thin films deposited by pulsed DC magnetron sputtering and chemical 
bath deposition have been studied and compared. The pulsed DC magnetron sputtering 
process produced CdS thin films with the preferred hexagonal <001> oriented crystalline 
structure. TEM analysis shows evidence of columnar grain growth. Conversely, the CBD 
deposited films were polycrystalline with a cubic structure, showing small grainy crystallites 
throughout the thickness of the films. CBD deposited films exhibited comparatively poor 
thickness uniformity while the pulsed DC sputtered films were highly uniform. The 
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spectroscopic ellipsometry analysis showed higher refractive index and slightly higher 
absorption at 500 nm for the PDCMS deposited CdS films, confirming the increased grain 
size, increased density, and higher crystallinity compared to the CBD CdS films. The films 
deposited by both techniques were pinhole and void-free, with an optical band gap of 
2.34±0.01 eV for the PDCMS deposited films and 2.38±0.01 eV for CBD. 
It has been found that the deposition rate for CdS obtained using pulsed DC magnetron 
sputtering was 2.86 nm/s using only 500 W power on a six inch circular target. This is a high 
deposition rate compared to other methods available. Moreover, the process stability could be 
maintained using 1.5 kW of power which produced a proportionate increase in deposition rate 
without affecting film quality (chapter 7). In comparison, deposition with RF sputtering is 
much slower. For example, deposition rates of 0.2 to 0.3 nm/s have been reported for powers 
in the range 50 W to 250 W. This is approximately an order of magnitude slower than using 
pulsed DC power [18] and similar to CBD, which is also comparatively slow. In this work, it 
required 30 minutes to deposit a 50 nm thick film of CdS and one hour for a 150 nm thick 
film. The comparative quality of the CdS thin films together with high rates of deposition 
show that the pulsed DC magnetron sputtering process has the potential for application in 
high throughput and low cost manufacturing of solar modules.  
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  Chapter 10
Electrodeposition (ED) of CdTe thin films 
 
The deposition of the absorber layer, CdTe, is an important topic in this thesis. As mentioned 
already in chapter 3, there is a wide spectrum of deposition techniques available for CdTe 
thin film growth. For this thesis, electrodeposition has been chosen as a conventional low cost 
technique, and this has been compared to Pulsed DC magnetron sputtering, which is a high 
vacuum process (and unique for PV applications). 
 
The electrodeposition of CdTe thin films on CdS/TEC10 coated glass has been investigated 
and the resultant films characterised to define their morphology, structural and chemical 
composition. Moreover, to study the influence of the underlying layer of CdS on the CdTe 
growth, a set of experiments electrodepositing CdTe on both pulsed DC magnetron sputtered 
and chemical bath deposited CdS layers has been performed. Sonochemical bath deposition 
was used in this section of work as it had been found beneficial for CdS compared to standard 
CBD (chapter 6). The morphological, structural and optical properties of the resultant 
electrodeposited CdTe thin films were compared in order to understand which would be the 
most suitable candidate for a final device. 
 
 Experimental  1.
CdS films were deposited on TEC10 glass substrate, (a transparent conducting fluorine doped 
tin-oxide (FTO)) coated glass supplied by NSG-Pilkington (http://www.pilkington.com/). The 
glass substrate was initially cleaned in a two-step ultrasonic bath process (IPA and rinse), 
followed by a plasma surface treatment in a mixture of O2 and Ar (chapter 5) [116]. Initially, 
thin films of CdS were grown by sonoCBD, details are available elsewhere in this thesis 
(chapter 6) [1], [117] and onto these films, the optimum conditions required to obtain good 
electrodeposited films were determined. Once these conditions had been determined, the 
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influence of the way the CdS film was grown on the subsequent electrodeposited CdTe film 
was investigated. 
Thin films of CdTe were prepared by electrodeposition in aqueous solution onto the CdS 
films. The experiments were performed at room temperature, ~23ºC, using a PARSTAT 2273 
potentiostat (Advanced Electrochemical System). The electrodeposition system designed for 
this work consisted of a bespoke three electrode reaction cell (Figure 128) with a working 
electrode, CdS/FTO, a counter electrode, Pt foil and a reference electrode 
(http://www.chinstruments.com/), saturated KCl silver/silver chloride electrode (Ag/AgCl) 
[Ag/AgCl +0.199 V vs standard hydrogen electrode (SHE)] placed inside a glass tube (Figure 
128), which was left open in order to prevent the back diffusion in the solution of O2 formed 
during the process.  
 
Figure 128: The electrodeposition system designed for this work. 
 
The solution used for electrodepositing CdTe was an acidic aqueous solution containing 
CdSO4, TeO2, H2SO4 [260]. The depositions were performed at a constant potential of -0.3 V, 
at room temperature (RT), for a deposition time of 4 hours, in order to get a film thickness of  
~1μm. The source of Cd2+ ions was CdSO4 (3.8x10-2 M) and TeO2 (10-3 M) was the precursor 
for HTeO2+ ions, the pH solution was adjusted to 1-2 with the addition of H2SO4, >95 %. 
Electrodeposition
system
Working electrode: 
CdS/FTO
Counter electrode: 
Pt foil
Reference electrode: 
Ag/AgCl (KCl satured)
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Figure 129: CdTe thin film was applied by electrodeposition in 4hours. 
 
Two steps represent the deposition process [261], [2]: 
1) Tellurium reduction 
HTeO2+ + 3H+ + 4e- --> Te + 2H2O                                                                        [1] 
2) The tellurium reacts rapidly with Cd2+ ions in solution due to the free energy gain in CdTe 
formation, Δ𝐺 = −103.7𝑘𝐽/𝑓𝑓𝑙 : 
Te + Cd2+ + 2e- --> CdTe                                                                                             [2] 
The deposition potential, E, for each, is given by 
𝐸 = 𝐸0𝑘𝑒 + 𝑆𝑘/4(𝑟𝐻𝑇𝑇𝑂2++ 𝑟𝑘𝑒) + 3𝑆𝑘/4𝐹𝑙𝑛𝑟𝐻+                                                        [3] 
𝐸 = 𝐸𝐶𝐶0 + 𝑆𝑘/2𝐹𝑙𝑛 (𝑟𝑂𝑑
2+
𝑟𝑂𝑑� )                                                                                    [4] 
with 𝑟HTeO2+  , 𝑟𝑂𝑑2+  , the activities of the species in the electrolyte during the deposition and 
𝑟𝑘𝑒 , 𝑟𝑂𝑑  the activities of the species in the deposit. 
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From cyclic voltammetry (Figure 130) the region for the formation of CdTe was found to 
commence at around -0.3V. 
 
Figure 130: Cyclic voltammogram of a CdTe film deposited from acidic solution (CdSO4 (3.8x10-2 M) and TeO2 (10-
3 M), H2SO4, >95 %).  
 
The techniques used to characterise CdTe films were described in chapter 4.  
 
 Results and Discussion  2.
Figure 131 shows a TEM cross section image of electrodeposited CdTe films deposited using 
the conditions previously described. The film is dense and compact throughout the layers. 
 
 
Figure 131: TEM cross section image of a CdTe film deposited at RT. 
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CdTe thin films were also electrodeposited at 60ºC and compared with those deposited at RT. 
As shown in Figure 132, the quality of the resultant films at the elevated temperature was 
similar to RT with compact, dense and void-free layers, both at the interface and through the 
depth of the deposited film.  
 
 
Figure 132: TEM cross section image of a CdTe film deposited at 60ºC.  
 
Figure 133 shows SEM images from the top surface of the CdTe films electrodeposited, at 
room temperature and at 60ºC. The morphology of the films reveals round features, with an 
average size of ~300 nm, measured by using Axiovision SE64 software.  
 
 
 
 
 
 
 
                                                                                                                                                                                                                                                                                                                                                                                                
      (a)                                                                                      (b) 
Figure 133: SEM images from the top surface of the CdTe films electrodeposited without stirring the solution, at 
room temperature and at 60ºC. 
 
These experiments showed that compact, dense, homogeneous void-free layers of 
electrodeposited CdTe could be obtained from the use of a solution containing CdSO4 
  
CdS
FTO
CdTe
.denser 
.compact
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(3.8x10-2 M) and TeO2 (10-3 M) as precursors in the bath, the pH solution was in the range 1-2 
with the addition of H2SO4, >95 %. The bath deposition temperature did not appear to greatly 
affect the film quality of CdTe thin films, and so subsequent experiments were performed at 
RT.  
 
2.1.Electrodeposition of CdTe films on CdS layers deposited using magnetron 
sputtering and chemical bath deposition 
Utilising the conditions optimised in the preceding experiments, an investigation of how the 
preparation of the underlying CdS film (CBD or sputter deposited) affected the 
electrodeposited CdTe film was performed. 
The working electrode was made of a CdS thin film (~100 nm) deposited either by 
sonochemical bath deposition (sonoCBD) [1] or by Pulsed DC Magnetron sputtering [9] on 
TEC 10 glass. Depositions were performed with the optimised parameters previously 
described, under potential control, the ( -0.3 V) and the exposed area was 6cm2 for a 
deposition time of 4 h [260]. 
The chemical composition, microstructure and optical properties of the resultant CdTe films 
were investigated.  
The first observation from these experiments was that the CdTe film grew at different rates, 
depending on the underlying CdS film. The CdTe film deposited on sonoCBD grown CdS 
was ~340 nm thick compared to almost a 1μm thick film grown on the Pulsed DC magnetron 
sputtered CdS. This is clearly shown in the TEM cross section images in Figure 134. Despite 
the difference in thickness, the cross-sectional view of both samples showed a compact and 
dense CdTe film (Figure 134) for both samples. However, some differences in the films were 
observed. 
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Figure 134: TEM cross sections of CdTe films electrodeposited for 4h at -0.3V on CdS CBD deposited on TEC 10 (a), 
CdS deposited by Pulsed DC magnetron sputtering (b) XPS CdTe on CBD CdS. 
 
The CdTe deposited on the sonoCBD CdS initially grew small crystals following the 
underlying film, but once it had grown to 50 nm, larger grains started to form (up to 50 nm in 
diameter). The CdTe deposited on the sputtered CdS showed small crystallites across the 
entire thickness, (Figure 134 (b)). The surface morphology of the deposited films is shown in 
Figure 135. 
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Figure 135: SEM images of CdTe electrodeposited on CdS deposited by chemical bath (a), and Pulsed DC magnetron 
sputtered CdS (b). 
 
Figure 136 shows an XRD spectrum, taken from a CdTe thin film electrodeposited on TEC10. 
EDS analysis showed the composition of the film, consisting of 57 % of Te and 43 % of Cd 
(inset). 
 
Figure 136: XRD spectrum of CdTe ED onTEC10. Inset: EDS spectrum. 
 
a)
b)
20 25 30 35 40 45 50 55
10000
20000
30000
40000
50000
60000
 
 
Co
un
ts
2Θ (deg)
(1
11
)
Te
(1
00
)
(2
20
)
(3
11
)
Chapter 10 
 
191 
 
Optical analysis was performed on the two prepared samples. Figure 137 shows the 
transmittance spectra measured for the CdTe films deposited on sputtered and sonoCBD CdS 
films. Both spectra showed a high absorption of light. The higher transmittance of the CdTe 
on sonoCBD CdS, around 13 %, is a result of the reduced thickness of the film 
 
 
 
  
Figure 137: Transmittance curves of an electrodeposited CdTe on sputtered and sonoCBD CdS. 
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The Tauc plot analysis showed that the energy gap (Eg) for CdTe grown on sonochemical 
bath deposited CdS was 1.46 eV, compared to 1.41 eV for the CdTe film grown on sputtered 
CdS (Figure 138).  
   
Figure 138: Energy band gap, transmittance and reflectance curves, as inset, for CdTe electrodeposited on chemical 
bath deposited (a) and Pulse DC sputtered (b) CdS. 
 
 
 
 
(a)
(b)
Chapter 10 
 
193 
 
 Conclusions 3.
CdTe thin films were grown on CdS films prepared by sonoCBD and Pulsed DC magnetron 
sputtering. The results showed that the deposition technique used for the CdS layer affected 
the growth and properties of the CdTe film. The CdS film not only affected the structural and 
morphological properties of the CdTe film but also determined the deposition rate of CdTe, 
being 3 times faster on the sputtered CdS. The CdTe films initially grow in a similar way 
forming small crystallites but once 50-100 nm had been deposited the film deposited on the 
sonoCBD CdS grew much bigger crystallites. It seems that the growth of the new layer 
follows the underlying material (CdS) up to a certain thickness, after that point the layers 
have a different resistivity and this affects the subsequent material growth. 
Transmission measurements showed that the films deposited on the sonoCBD CdS had a 
wider band gap of 1.46 eV compared to 1.41 eV measured for the films deposited on CdS 
films prepared by pulsed DC magnetron sputtering. 
Further experimental work is needed in order to test these materials. Analysing their 
properties, CdTe electrodeposited on the top of CdS films appear promising for a final 
working device. More work should be done on the electrodeposition process, optimising the 
deposition conditions and testing these materials during and after the activation treatment 
(CdCl2). It would be interesting to determine how final devices, with different CdS films, 
compare knowing that films deposited by different methods can affect the deposition, and 
properties of the CdTe absorber layer.  
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  Chapter 11
Pulsed DC Magnetron Sputtering of CdTe 
 
A CdTe thin film deposition process using Pulsed DC magnetron sputtering has been studied. 
The CdTe thin films have been deposited on CdS/TEC10 coated glass. The effect of Ar gas 
flow and deposition temperature has been investigated to optimise the deposition process. A 
study of the residual stress in CdTe thin layers has been developed.  
 
 Experimental 1.
CdTe thin films were deposited by pulsed DC magnetron sputtering (PDCMS) in a ‘PV 
Solar’ sputtering system. The system has been described in previous chapters (chapter 7-8) 
and the deposition of CdTe was performed over a sputtered layer of a CdS previously 
deposited by PDCMS (chapter 7). The CdTe/CdS thin films were deposited on NSG-
Pilkington TEC10 Fluorine doped tin oxide (FTO) coated glass substrates. Prior to the CdS 
deposition, the substrates were cleaned following the procedure previously described in 
chapter 5.  
The CdTe layer was deposited at ambient temperature using the following process parameters, 
500 W, 2.9 μs, 10 s, 150 kHz. The microstructure, composition and optical properties of the 
deposited CdTe films have been investigated using techniques described in chapter 4 and 7.  
Initial studies optimised the deposition parameters used in PDCMS, focusing on testing 
different argon gas flows, deposition temperatures and annealing post-deposition treatment to 
study their effect on the structure and morphology of CdTe thin films. 
  
 Results and Discussion 2.
Figure 139 (a) shows a surface image of the sputtered CdTe layer, with a thickness of 
approximately 2 µm. The layer appeared uniform and smooth with a grain size less than 100 
nm. Figure 139 (b) is a cross-section which shows the columnar morphology of the grains 
and the smoothness of the film. The SEM images show that sputter deposition of cadmium 
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telluride results in highly compact layers and the morphology is dominated by columnar grain 
growth.  
 
(a)                                                               (b) 
Figure 139: (a) An in lens SEM image of the surface morphology of PDCMS deposited CdTe and (b) cross section 
SEM image of a thick CdTe cell with thin through thickness columnar grains 
 
Figure 140 shows the XRD spectra of the sputtered CdTe film at room temperature with a 
dominating (111) peak. The grain size was typically ~50 nm in diameter through the whole 
thickness of the coating, ~2 µm. The CdTe grain morphology followed that of the sputtered 
CdS layer, which was also columnar with a grain size of ~50 nm in a thin film thickness of 
100 nm.  
 
The study has also revealed that sputtering resulted in highly uniform thin film thicknesses 
both for individual layers and for multilayer stacked structures. This uniformity was 
important since it means that the CdTe absorber thickness could be accurately controlled and 
optimised. This may lead to a cost reduction and to the production of consistent device 
performance. 
1000nm 500nm 
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Figure 140: XRD spectra of the sputtered cadmium telluride and overlaid with the corresponding powder diffraction 
card.  
 
2.1.The Effect of Argon Gas Flow on CdTe Thin films  
The Ar working gas pressure is known to have an impact on the deposition rate and 
properties of thin films. At higher Ar sputtering pressures, the sputtered and reflected neutral 
atoms, arriving at the substrate, have lower energies. This is due to the increased number of 
collisions that occur before they reach the substrate. As a consequence the atoms arriving at 
the substrate have a lower surface mobility. This has an effect on the growth kinetics of the 
depositing film, and therefore on its structural, morphological and crystallographic properties. 
Conversely, at low Ar pressures the sputtered and reflected neutral atoms have much higher 
energies than the plasma gas between the target and substrate and these species arrive at the 
substrate with high energy due to undergoing fewer collisions before their arrival. Therefore 
the sputtered atoms in low Ar pressure conditions have a high surface mobility when they 
reach the substrate surface. The Ar pressure also affects the stress in the deposited film [262]. 
Windischmann [4] showed strong correlation between residual stress and Thornton’s 
structure zone model (SZM) [263][264] for sputtered thin films. Low density thin films 
deposited at high argon pressure and low temperature (regime Zone I) have almost zero 
residual stress [265]. Decreasing argon pressure develops tensile stress and a further decrease 
in pressure leads to a dramatic change from tensile to compressive stress, finally forming a 
dense thin film (regime Zone T). In order to deposit low stress thin films, the working 
(111)
(220)
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pressure should be set between the tensile and compressive stress transition regions. This 
process window is very narrow and it is challenging to find a perfect combination of working 
parameters which result in a stable low stress thin coating [266]. 
Therefore, a set of experiments was performed to investigate the effect of the change in gas 
flows on the structure of the CdTe films by using TEM and XRD analysis. 20 sccm (with and 
without post-deposition annealing at 400ºC for 20 min), 50 sccm, 70 sccm and 100 sccm of 
Ar were used, keeping the other deposition parameters fixed. Depositions of ~1 μm thick 
CdTe films were performed at ambient temperature on ~100 nm thick CdS layer.  
                                                 
(a) 20 sccm Ar                            (b) 50 sccm Ar                            (c) 70 sccm Ar 
 
Figure 141: BF-STEM images of CdTe thin films deposited at 20 sccm (a), 50 sccm (b) and 70 sccm (c) of Argon on 
CdS/FTO coated glass. 
 
BF-STEM images show the presence of small crystallites clearly visible through the whole 
thickness of CdTe layer deposited by using 20 sccm of Ar. It appeared slightly different from 
50 sccm Ar (Figure 141 (b)) and 70 sccm Ar (Figure 141 (c)) CdTe layers. Specifically, the 
image shows a very dense CdTe layer, with small polycrystalline grains, with size less than 
10 nm. Planar defects were observed perpendicular to the growth direction.  
Figure 141 (b)) shows a sample obtained using an argon deposition flow of 50 sccm, this 
appeared less dense than the sample deposited with 20 sccm (Figure 141 (a)) of Ar and the 
grains seemed to arrange in nodules, with pore channels between nodules. The presence of 
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these channels might be due to the roughness of the underlying TCO, the window layer CdS 
was conformal to this uneven surface and consequentially also the next layer (CdTe) was also 
affected. In particular pore channels appeared where the underlying layers (CdS/TCO) show 
some hollows (valleys). The same occurred with samples deposited at higher deposition gas 
flows (Figure 141 and Figure 142 (a)) these pore channels are thin voids between each nodule 
of grains. 
The samples deposited with 50, 70 and 100 sccm of Ar appeared to have a similar grain size 
of ~30 nm. This suggests that there should be a critical point between 20 and 50 sccm Ar gas 
flow where the maximum grain size is reached. The pore channels size was between 100-150 
nm for all three samples; all the samples appear to have a very high density of stacking faults 
running perpendicular to the growth direction (Figure 142 (a)). 
 
The stress measurements were performed on the CdTe layers deposited at room temperature 
(20, 50, 70, 100 sccm Ar). 
Figure 142 (a) shows the STEM images obtained from CdTe layers deposited with 20-50-70-
100 sccm Ar and the (111) peak of cubic CdTe for each was scanned by XRD analysis in the 
range 22.8º-24.2º. The 2θ value (23.76º) for the unstressed CdTe film was reported as a 
reference from the PDF card [ICCD database] Figure 142 (b). The XRD analysis showed that 
the highest film stress was found for the sample deposited with 20 sccm Ar, due to the 
greatest peak shift. This sample also showed a much broader peak due to the smaller grain 
size, as shown in the TEM images in Figure 142 (a). The sample deposited at 20 sccm has 
grains < 15 nm, whereas the other three samples had larger grain sizes (~30nm) and showed 
also similar peak shapes. A slight peak shift from the PDF database angle was registered for 
the samples deposited with 50 and 70 sccm Ar, but with higher gas flow (100 sccmAr) the 
film showed more stress. 
The stress analysis was also performed on CdTe layers deposited at 20 sccm of Ar and 
annealed at 400ºC for 20 minutes in air, after deposition. A peak shift was observed for the 
annealed CdTe film compared to the sample deposited with the same gas flow (sccm) of Ar 
without annealing, showing reduced stress in the layer (Figure 142 (b)). 
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Figure 142 : BF-STEM images of CdTe layers deposited at different Ar gas flows (20-50-70-100 sccm) on CdS/FTO 
glass (a). (111) peak of cubic CdTe for each CdTe deposited at different sccm of Ar, scanned by XRD analysis in the 
range 22.8º-24.2º for stress analysis (b). 
 
Scherrer’s equation [267] was used in order to calculate grain sizes of the four samples, as 
shown in Table 4. 
𝜏 = K𝜆
𝛽𝑐𝑐𝑠𝜃
           33 
where: 𝜏 is the calculated mean grain size, K is the dimensionless shape factor (constant=0.9), 
𝛽, the line broadening at half the maximum intensity (FWHM), 𝜃, the Bragg’s diffraction 
angle and λ is the x-ray wavelength (1.5406 Å). 
 
 
 
 
 
20sccm 50sccm 70sccm 100sccm
Reducing stress
Unstressed film 
23.76 from PDF card
(a) 
(b) 
Chapter 11 
 
201 
 
Table 4 
 CdTe films sputtered at different gas flows with 𝜽, 𝜷, λ values respectively used to 
calculate 𝝉, mean grain size by Scherrer’s equation. 
 
 
The XRD showed that for CdTe films deposited using gas flows over 50 sccm of Ar, the 
grain sizes are similar, ~30 nm. The sample deposited with the lowest gas flow (20 sccm,Ar) 
showed a much smaller grain size of ~15 nm. These results are in good agreement with the 
TEM analysis. As previously mentioned, magnetron sputtered thin films deposited under low 
gas pressure are often subjected to compressive stress due to the high mobility of the atoms 
during the deposition process. A possible way to reduce the stress in the film is the annealing 
post-deposition treatment [268]. Figure 142 (b) also shows the peak shift for the annealed 
sample deposited with 20 sccm Ar. After 20 min of annealing at 400ºC, the coating showed a 
large reduction in stress, as the peak shifted closer to the PDF reference value. This shift can 
be correlated to a change in the lattice parameter, as the latter increased; the stress in the film 
is relieved. 
 
2.2.Effect of Deposition Temperature on CdTe Thin films 
The temperature of the substrate during the deposition process can also have a large impact 
on the morphology and crystal properties of the PDCMS film. Stress can be induced in the 
thin film if the thermal expansion coefficient of the substrate and the film are dissimilar. An 
  
Sample  θ (degrees)  β   λ  (Å)   τ  
20 sccm  23.50   0.5 9  1.540   15 nm  
50 sccm   23. 8 5    0.28  1.540   30 nm  
70 sccm  23. 80   0 .28  1.540   30 nm   
100 sccm  23.70   0.28  1.540   30  nm  
20 sccm annealed   23.70   0.3 4  1.540   25 nm  
Chapter 11 
 
202 
 
increase in deposition temperature will also increase the surface mobility of the arriving 
atoms, ultimately altering the morphology of the growing film. The samples analysed in this 
section were deposited using 100 sccm Ar gas flow and different deposition temperatures 
(ambient temperature, 250, 300 and 400ºC) for CdTe thin films. The CdS films were 
deposited at ambient temperature using the same deposition parameters (500 W, 2.5 μs, 2 s, 
150 kHz) for all the samples. The STEM images in Figure 143 show the cross section of the 
deposited CdTe films. 
For the deposition at ambient temperature, the substrate was at a few degrees above room 
temperature due to the interaction with the magnetron plasma. The thickness of CdTe layers 
was varied between ~1 and ~2.5 μm for this set of experiments. The thickness of CdS layers 
was maintained at ~100 nm. The layers were deposited onto Pilkington TEC10 FTO coated 
glass, as this substrate was used throughout this study. 
Figure 143 (a) shows the morphology of the cell after deposition of CdTe at 250ºC, the 
change in grain size is evident. It increased from around 30 nm, for deposition at room 
temperature, to over 250 nm when higher deposition temperatures were used. The grains 
became larger at the top of the coating compared to their size at the bottom of CdTe layer. All 
grains appeared to contain defects extended perpendicular to the growth direction and 
terminating at the grain boundaries. BF-STEM (a) and (b) images show the top and the 
bottom of CdTe layer at the interface with CdS layer, respectively. Image (c) shows the 
presence of voids between some grains. As previously described, these voids are caused by 
the roughness of the underlying layers; CdS grew conformal to the uneven surface FTO 
substrate. Because of the small CdS grain sizes, CdTe grains initially showed a small 
diameter at the CdS interface. The layers appeared columnar through their whole thickness. 
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(a)  
 
             (b)                                                          (c) 
Figure 143: BF-STEM images of sample of CdTe deposited at 250ºC showing (a) top of the CdTe (b) /CdS/FTO 
interface. The presence of voids between some grains is shown in the BF-STEM of the same CdTe sample (c). 
 
The images in Figure 144 show a ~2.5 μm thick layer of CdTe, deposited at 300ºC, 150 kHz, 
10 s, 2.9 μs, with a columnar structure extended through the whole thickness of the film. The 
grains seemed to enlarge as the film became thicker. Towards the top surface of CdTe, the 
grain size was measured to be ~300 nm, while on the bottom of the columnar structure, up to 
a few nanometres above the interface with the window layer, the grains became smaller, 
~50nm. This means that the CdTe layer initially grew following the structure of the layer 
underneath. In fact PDCM sputtered CdS thin films showed a typical grain size around ~50 
nm, as reported in Chapter 7. Once CdTe had grown to ~400 nm thickness, the grains started 
to enlarge. It is possible to observe voids running between grains. 
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 a)    b) 
Figure 144: TEM images of sample T 300ºC showing (a) top of the CdTe (b) CdTe/CdS/FTO interface. 
 
Figure 145 shows the ~2.5 μm thick CdTe layer deposited at 400ºC, keeping the other 
parameters the same as the previous experiments. The grains size was ~50 nm at the CdS 
interface (up to ~400 nm), and the grains widened (~450 nm) towards the top surface. 
 
 
Figure 145: BF-STEM images of ~2.5 μm thick CdTe layer deposited at 400ºC. 
 
Figure 146 shows the cross section of CdTe layer deposited at ambient temperature. The 
columnar structure showed the different growth of the film; in this case the grains followed 
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the underlying CdS layer, small crystals of ~50 nm extended through the whole thickness of 
the layer (~1 μm). Stacking faults and defects were observed also in these films. 
 
 
 
Figure 146: BF-STEM images with the cross section of CdTe layer deposited at ambient temperature. 
 
 
 
This set of experiments showed good agreement with the theory of structural zones (the zone 
model) of film deposition [269], where the film morphology is a function of the substrate 
temperature. The transition between zones is not sharp and sometimes zones are difficult to 
identify; this study pointed out the transition between Zone T and Zone 2, increasing the 
temperature from ambient temperature to 400ºC, as shown in Figure 147. 
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Figure 147: The structure-zone model for thin films and the transition from Zone 1 to Zone 3, increasing the 
temperature of the substrate.  
 
Therefore, the change in deposition temperature had an effect on the microstructure of CdTe 
thin films. With the increase in temperature, the grain growth increased up to ~600 nm. 
However, the initial growth of CdTe film for all the samples was characterized by small 
grains, visible at the bottom part of the layer, due to a continuation of grain boundaries from 
the underlying CdS layer. All the samples showed a high density of stacking defects within 
the CdTe grains. 
 
2.3.Residual stress in CdTe thin films 
The residual stress/strain values were determined by using the XRD-based technique. The X-
ray source used for this study was Cu Kα with a wavelength of 1.5 Å. The power setting was 
30 kV and 10 mA. The scanning mode was continuous PSD fast with a scanning range of 20o 
~ 90o (2θ). The matched scanning step size was 0.02o and the speed was 0.1 s/step. In 
addition, 23.2o ~ 24.2o (2θ) range was further scanned during the XRD experiment in order to 
collect more accurate data for (111) peak analysis with a 0.01o step size and 1 s/step speed. 
Each sample was measured three times in order to minimise the measurement errors. 
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2.4.Stress Analysis before Annealing Treatment  
 
Table 5and 6 show the XRD results (θ values and d-spacing) obtained for PDCMS CdTe 
samples deposited at different deposition temperatures (100-200-300-400ºC) and at room 
temperature with different gas flows (30-50-70 sccm Ar). The measurement error reported for 
the d-spacing values of (111) peak was ± 0.001 Å.    
 
Table 5 
CdTe thin films deposited at various substrate temperatures. 
 
CdTe samples by pulsed DC magnetron sputtering   X-ray λ = 1.540 Å Stress free 
state 
(baseline) 
Substrate 
temperature 
100°C 200°C 300°C 400°C 
2θ (o) [(111) oriented 
peak] 
23.709  23.749 23.698 23.657 23.658 
θ (o) 11.854 11.875 11.849 11.829 11.879 
Sinθ 0.205 0.205 0.205 0.205 0.205 
d-spacing (Å) 3.749 3.743 3.751 3.758 3.742 
 
 
 
 
Table 6  
CdTe thin films deposited at various argon flow rates. 
 
CdTe samples by pulsed DC magnetron sputtering   
X-ray λ = 1.540 Å 
Stress free 
state 
(baseline) 
CSS treated 
sample 
(baseline) Argon Flow 
rate 
30 sccm Ar 50 sccm Ar 70 sccm Ar 
2θ (o) [(111) 
oriented peak] 
23.688 23.709 23.739 23.758 23.749 
θ (o) 11.844 11.854 11.869 11.879 11.874 
Sinθ 0.205 0.205 0.206 0.206 0.206 
d-spacing (Å) 3.753 3.749 3.745 3.742 3.743 
 
 
 
The d-spacing value of the (111) peak for each CdTe sample was found to be higher than the 
reference stress-free state and the CSS sample (used as baseline) values. Compressive stress 
was developed during the sputtering process.  
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For CdTe samples deposited at 200°C the d-spacing value was the closest to the baseline 
value as represented in Figure 148 and corresponded to the minimum strain. These deposition 
conditions correlate to the point of minimum compressive stress.  
 
  
Figure 148: A graph showing d-spacing variation at various substrate temperatures. 
 
 
By testing different argon flow rates, it was found that CdTe deposited with high Ar flow (70 
sccm Ar), showed the minimum deviation from the baseline d-spacing value (as shown in 
Figure 149). This means that the internal stress also became smaller. Therefore, the main 
conclusion from this study was that it was possible to grow CdTe thin films with low stress 
by setting the deposition temperature around 200°C and using high argon flow ~ 70 sccm Ar. 
 
 
Figure 149: A graph showing d-spacing variation at various argon flow rates. 
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 Conclusions 3.
PDCMS CdTe layers were deposited at ambient temperature, deposition power 500 W, 
reverse time 2.9 μs, deposition time 10 s, deposition frequency 150 kHz, with a thickness of 
approximately 2 µm. The layer appeared uniform and smooth with a grain size less than 100 
nm. SEM analysis showed the columnar morphology of the grains and smoothness of the film, 
resulted in highly compact layers and the morphology dominated by columnar grains. XRD 
spectra of the sputtered CdTe films at room temperature showed a dominating (111) peak. 
The CdTe grain morphology (with grain size typically ~50 nm in diameter through the whole 
thickness of the coating) followed that of the sputtered CdS layer, which was also columnar 
with a grain size of ~50 nm in a thin film thickness of 100 nm. 
The use of different Ar gas flows was tested: 20 sccm (with and without post-deposition 
annealing at 400ºC for 20 min), 50 sccm, 70 sccm and 100 sccm of Ar were used, keeping the 
other deposition parameters fixed. This study suggested that there should be a critical point 
between 20 and 50 sccm argon gas flows where the maximum grain size is reached. High 
density of stacking faults was found perpendicularly to the growth direction. 
The stress measurement was performed on the CdTe layers deposited at room temperature 
and different gas flows. Magnetron sputtered thin films deposited under low gas pressure are 
often subject to compressive stress due to the high mobility of the atoms during the 
deposition process. A possible way to reduce the stress in the film is the annealing post-
deposition treatment. As the lattice parameter increased; the stress in the film is relieved.  
Furthermore, the change in deposition temperature had an effect on the microstructure of 
CdTe thin films. Increasing the deposition temperature, the grain growth was apparent up to 
~600 nm. However, the initial growth of CdTe film for all the samples was characterized by 
small grains, visible at the bottom part of the layer, following the underlying CdS layer. All 
the samples showed a high density of stacking defects within CdTe grains.  
The main conclusion from this study was that it was possible to grow CdTe thin films with 
low stress by setting the deposition temperature around 200°C and using high argon flow, ~70 
sccm Ar. 
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  Chapter 12
Multilayer Broadband Antireflective Coatings for more efficient thin 
film CdTe solar cells 
 
 Introduction 1.
Thin-film CdTe cells with an efficiency of ∼12%, have a short-circuit current density of ∼21 
mA/cm2. However, in principle, the AM1.5G spectrum (between 350 and 850 nm) allows 
current densities of up to 31.2 mA/cm2, to be obtained. The current density losses, in CdTe 
devices, are mainly due to optical effects. Two of the loss mechanisms are the optical 
absorption in the n-type CdS window layer and the reflection losses from the glass substrate 
used. The absorption losses in the CdS can be controlled by minimising the thickness of the 
CdS layer. The most commonly used techniques to reduce the reflection include texturing of 
the glass surface and the application of an antireflective coating (ARC) to this surface. The 
simplest ARC consists of a single layer of refractive index matching material [2]. The 
problem is the availability of material with a refractive index lower than glass (n = 1.52). The 
champion NREL device, with efficiency of 16.5%, utilised a single layer magnesium fluoride 
(MgF2) ARC coating with a thickness of ∼110 nm [3]. However, a single-layer coating is 
designed to reduce reflection at a single wavelength and is not effective over the spectral 
range used by the solar cell. In addition, a MgF2 coating is not durable and therefore not 
suitable for use on modules used in outdoor environments.  
Multilayer antireflection (MAR) coatings are widely used in the ophthalmic industry to 
reduce the reflection and glare on spectacle lenses [4], [5]. They are also used in precision 
optics for a variety of applications including increasing the transmission on camera lenses. 
These MAR coatings are designed based on high/low refractive index materials pairs. The 
low index material is usually silicon dioxide (SiO2). The high index material is usually 
chosen from a range of metal oxides including zirconium dioxide (ZrO2), hafnium dioxide 
(HfO2), titanium dioxide (TiO2), niobium pentoxide (Nb2O5), and tantalum pentoxide (Ta2O5). 
The choice is dictated by the level of antireflection required, lifetime, durability, and cost. 
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Careful design of the thickness of each layer in a multilayer stack allows the interference of 
light to be controlled and used to reduce the reflection losses. 
These dielectric metal-oxide materials are hard and scratch resistant and adhere well to glass 
surfaces. Their durability and environmental stability is exceptional and already well proven 
in the ophthalmic and precision optical applications even on plastic substrates [6]. 
 
1.1.Multilayer antireflection coating design 
A MAR coating utilises interference to control the reflection. The interference occurs due to 
the change of refractive index at a medium boundary. As a result of a change of medium, part 
of the energy is reflected and some is transmitted. The amplitude of the transmitted and the 
reflected waves can be calculated using Fresnel equations. MAR coatings, based on a thin-
film multilayer design, utilise destructive interference at medium boundaries to reduce the 
reflection. In a multilayer thin-film stack system, the waves reflected between different 
medium boundaries can interfere, provided that the thickness is less than the coherence length. 
Depending on a phase difference (Δ) two coherent waves will interfere as described by the 
following equation: 
 
𝑨 = 𝑨𝟏 𝐬𝐬𝐥(𝝎𝒅) + 𝑨𝟐 𝐬𝐬𝐥(𝝎𝒅 + ∆)         34 
 
At a phase difference of Δ = kπ (where k is any integer), destructive interference occurs, and 
thus, the amplitude of light is reduced to a minimum (equal to 0 for A1 = A2). The phase 
difference between waves, as a result of propagation through a medium, can be controlled by 
adjusting the thickness of the layer. The phase change as a function of distance travelled is 
given by the following equation: 
 
∆ = 𝐝𝐝𝐥 𝛌 � ∙  𝐓            35 
where d is the distance travelled, c is the speed of light in vacuum, n is the refractive index of 
the medium in which the wave propagates, λ and T are the wavelength and the period of the 
wave, respectively. In a single-layer ARC, this interference mechanism is used by depositing 
a layer with thickness equal to a quarter wavelength, λ/4. Destructive interference occurs 
between the light reflected from the substrate/coating interface and the ARC coating surface. 
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This enables the reflection to be reduced at a chosen wavelength. This type of coating is 
referred to as a “V” coating since the reflection rises rapidly at each side of the chosen 
wavelength. In an MAR coating, coupled medium boundaries are present; therefore, the 
efficacy of the antireflection effect can be greatly improved and extended across a 
wavelength range. This is known as a broadband MAR coating. Another advantage of this 
approach is that the material is no longer required to have a refractive index lower than the 
substrate. The performance of the MAR is adjusted by tuning the thickness of each layer and 
selecting materials with a wide difference in refractive index. 
The coating designs used in ophthalmic and most precision optical applications are purely for 
the visible range 400–700 nm. An extended broadband performance is required for the 
application to solar modules. In principle, the performance of the MAR can be improved by 
increasing the number of layers in the multilayer stack. However, increasing the number of 
layers increases the materials usage and the thin-film deposition process time. Cost is an 
important consideration; therefore, this part of the thesis has focused on the development of a 
four-layer broadband design. 
The MAR coating was designed using the “Essential Macleod” optical modelling software 
package [7]. The software models the performance of an optical coating by considering 
propagation of the electromagnetic wave using the transfer matrix method. In this study, 
zirconia (ZrO2) was chosen as the high refractive index material, with silica (SiO2) chosen as 
the low index material. Zirconia is a relatively low-cost material. The design was optimised 
to minimise reflection for wavelengths in the range between 400 and 850 nm. Narrowing the 
bandwidth allows the performance of the coating to be increased in the spectral range. The 
850 nm limit is set by the band gap of CdTe (1.45 eV), no photons with longer wavelength 
contribute to the photocurrent. The 400 nm lower wavelength was chosen as a compromise to 
improve the design for the Vis-IR region, since the external quantum efficiency (EQE) of 
thin-film CdTe devices is low in that spectral region due to absorption in the CdS window 
layer. Attempts reported in this thesis to increase the transmission of the CdS layer and 
improvements in the 300 - 400 nm wavelength range could be accommodated easily in the 
design [8]. 
The design of the MAR coating optimised for a thin film CdTe solar cell is shown in Table 7, 
the total thickness is 277 nm and 153 nm of zirconia is included. Modelling this four layers 
design shows that light reflection from the front surface is reduced from 4.5% to below 1% in 
the 400 – 850 nm wavelength range.  
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Figure 150 shows the modelled performance of the MAR on a 1 mm-thick glass slide. The 
solid line shows reflection from the front surface only and the dotted line shows the total 
reflection which is including in the back reflection. 
 
Table 7 
MAR coating design for the CdTe solar cell 
 
 
 
 
Figure 150: Modelled performance of the coating (dotted red line includes the back reflection from the glass/device 
interface). 
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A weighted average reflection (WAR) is a more representative measurement of the reflection 
loss for a solar cell, since it includes the importance of the photon flux Φ in the AM1.5G 
solar spectrum. WAR is calculated using the following equation: 
 
𝐖𝐀𝐖 (𝛌𝐦𝐬𝐥, 𝛌𝐦𝐭𝐦) =  ∫ 𝚽∙𝐖𝐖𝛌𝐦𝐭𝐦𝛌𝐦𝐬𝐥  𝐝𝛌         36 
 
The model shows that the WAR (400-850) for reflection from the front surface of a glass 
slide is reduced from 4.22 % to 1.24 % after applying the MAR coating. The uncoated WAR 
= 4.22 % imposes a limit on the short-circuit current density of 30.19 mA/cm2, and at 1.24 %, 
it increases the current density obtainable to 31.13 mA/cm2. Hence, the model indicates that 
the four layers MAR provides scope for an improvement in current density of 0.96 mA/cm2 
for a ∼ 12 % efficient device.  
 
Figure 151 shows the modelled reflection from an uncoated glass surface, one with a 110 nm 
MgF2 single-layer ARC and one with the four layer broadband MAR used in this study. Only 
the reflection from the front surface of the glass was considered in these simulations. 
 
 
 
Figure 151: Front surface reflection from uncoated glass, reflection from a single layer MgF2 coating (110 nm), and 
reflection using a four-layers MAR coating. 
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The MgF2 AR coating enables a value of WAR (400-850) = 1.76 % to be obtained. The 
model shows a clear advantage for the transmission performance obtained by using the 
broadband MAR coating. 
 
 Experimental  2.
The thin-film layers required for the MAR were deposited by using magnetron sputtering 
already described in chapters 4 and 7. The system allows deposition of multilayer stacks, with 
the option to replace one of the magnetrons with a plasma source for reactive sputtering. The 
carrier rotates typically at 120 rpm during the deposition process. Two magnetrons were 
fitted with 6-inch diameter silicon and zirconium planar metallic targets (details are described 
in chapter 7). A thin layer of metal ∼1 nm is deposited in each pass of the carrier. Oxygen 
plasma is available from a 800 V DC plasma source located at a third position allowing the 
metal films to be converted into the optical quality metal-oxides required for the MAR design. 
The layers were sputtered using a pulsed DC power supply in an argon/oxygen environment. 
The zirconium was sputtered at 1 kW using a 1.5 μs reverse time, while the silicon was 
deposited at 1.5 kW and 2.5 μs reverse time. The frequency of the pulse was set to 150 kHz 
for both materials. The strategy of separating metal deposition from the oxidation process in 
separate zones avoids reactive sputtering hysteresis effects as well as allows high deposition 
rates to be obtained [9], [10]. Since the sputtering rate of metals is stable, the layer thickness 
can be controlled accurately using time only under computer control; therefore, a quartz 
crystal monitor is not required. The films were first deposited on 1 mm thick soda lime glass 
slides to allow measurement of the optical properties of the materials deposited and the 
establishment of their deposition rates. The complete MAR coating was then deposited on a 
glass slide to assess its performance against the model and before depositing on the NSG-
Pilkington TEC10 superstrate and then finally on a complete thin-film CdTe solar cell. The 
glass slides were cleaned using the RCA cleaning procedure to ensure a good quality clean 
surface for the thin-film deposition [11]. 
The antireflection performance of the MAR coating deposited on a glass slide was tested by 
measuring the light reflection spectrum using the spectrophotometer (details are described in 
chapter 4). Finally, the MAR coating was deposited on the front surface of a 1 cm-diameter 
round thin-film CdTe solar cell with the CdTe absorber layer deposited using CSS. The 
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efficiency of the cell was measured before and after applying the broadband MAR coating. 
The efficiency of the cell was measured at STC. 
 
 
 Results 3.
Measurements using spectroscopic ellipsometry of the test samples deposited on glass 
substrates provided information about the refractive index for the deposited ZrO2 and the 
SiO2 layers. The dispersion of the refractive indices measured for the deposited films are 
presented in Figure 152. The deposited ZrO2 films have a refractive index of n = 2.12 at 550 
nm. The SiO2 films have a refractive index of n = 1.46 at 550 nm. The deposition rates 
measured for ZrO2 and SiO2 were: 0.7 and 0.66 nm/s, respectively. The substrate carrier has 
positions for several substrates and has a diameter of 20 cm and a circumference of 62.8 cm. 
The reflection spectra of the broadband MAR deposited coatings on 1 mm soda lime glass 
that were measured using a spectrophotometer are shown in Figure 153. The measured 
reflection spectra show that the shape and performance is very close to the values predicted 
by the modelled designed values; however, measured reflectance is higher than modelled due 
to absorption in the glass which is not considered in the model.  
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Figure 152: Refractive index dispersion of (a) ZrO2 and (b) SiO2 materials used for the broadband MAR deposition. 
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Figure 153: Reflection from the broadband MAR-coated glass surface (black line) and the uncoated glass (red line) of 
the measured values against design values are listed in Table 7.  
 
Figure 154 shows the reflection spectrum measured for an uncoated TEC10 and an MAR-
coated TEC10 glass superstrate. The MAR coating on the TEC10 superstrate confirms the 
reduced reflection losses across the entire wavelength range of interest (400–850 nm). The 
spectra show a clear reduction of the reflection for the sample with the MAR coating 
compared with the uncoated TEC10 glass slide. The TEC10 is a textured glass substrate 
coated with a thin-film stack which is including buffer layers and transparent conductive 
oxide. The thin-film stack is on the other side of the substrate than the MAR coating; it 
consists of thin layers of SnO2, SnO2:F, and SiO2 the stack create interference fringes, which 
dominated the spectrum and the MAR peaks are not as clearly visible. The MAR coating 
deposited on the TEC10 superstrate was measured by spectroscopic ellipsometry to verify the 
thickness of each layer and verify the design. The results of the comparison of the measured 
values against design values are listed in Table 8. 
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Figure 154: Reflection spectra measured for the uncoated and MAR-coated TEC10 superstrate. 
 
 
Table 8 
Comparison of designed and measured 
 
 
The comparison shows good agreement between the deposited MAR coating and the design. 
The effect of the MAR coating on the efficiency of the cell measured before and after the 
application of the coating is summarised in Table 9. The deposition of the broadband MAR 
coating on the thin film CdTe solar cell increased the short-circuit current density by 0.65 
mA/cm2 (3.1 % relative increase). As a result, the efficiency of the device was increased from 
10.55 % to 10.93 %, an absolute increase of 0.38% and a 3.6 % relative increase.  
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Table 9 
 J–V parameters of solar cell before and after applying the coating 
 
 
The J–V characteristics of the solar cells measured before and after the application of the 
broadband MAR coating are compared in Figure 155. 
 
 
 
Figure 155: J–V performance of the thin-film CdTe solar cell before and after applying the broadband MAR coating. 
 
 
 Conclusion 4.
Broadband multilayer ARCs using alternate high and low refractive index dielectric thin 
films are commonly used to improve the transmission and reduce the reflection of spectacle 
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lenses in the visible wavelength range. They are also used in a variety of precision optical 
applications. However, broadband coatings have not previously been used to improve the 
light transmission into solar cell devices by reducing the reflection of the glass in the 
extended wavelength range utilised by thin-film CdTe devices. Some work has been reported 
using an MAR coating design with a reducing index by oblique angle deposition, but these 
have been applied direct to GaAs and polycrystalline silicon devices and not to a glass 
surface [12],[14]. MAR coatings in ophthalmic and most precision optical applications are 
designed to operate in the visible range of wavelengths. In this study, a four-layer multilayer 
stack has been designed and tested, which operates across the wavelength range used by thin-
film CdTe PV devices (400–850 nm). This is of particular interest because in the superstrate 
configuration, the light enters the cell through the glass and the reflection of light from the 
outer glass surface represents an immediate optical loss. Optical modelling predicts that the 
MAR coating reduces the WAR (400-850) from the glass surface from 4.22 % down to 
1.22 %. The application of the MAR coating on a thin-film CdTe solar cell increased the 
efficiency from 10.55 % to 10.93 % or by 0.38 % in absolute terms. This is a useful 3.6 % 
relative increase in efficiency. The increased light transmission leads to an improvement of 
the short-circuit current density produced by the cell by 0.65 mA/cm2. For wavelengths 
below 500 nm, the optical improvement was limited by the low internal quantum efficiency 
(IQE), due to light absorption in the CdS window layer. A relative increase in efficiency of 
3.6 % is an attractive increase in performance. The performance of the coating could be 
improved even further by increasing the number of layers in the stack design and by choosing 
a material such as tantalum pentoxide which has a much higher refractive index (n = 2.275). 
However, cost is an important issue and this is minimised by reducing the number and 
thickness of the layers and by using a low cost and abundant material such as zirconium 
dioxide. The cost of such a broadband MAR coating for solar modules could be dramatically 
reduced if deposited at high volumes using high material utilisation rotating magnetrons by a 
glass manufacturer. The sputtering process developed in this work is capable of scaling to an 
industrial level. The durability and environmental stability of multilayer dielectric coatings is 
well established and will not be an issue for manufacturing warranties even when modules 
are subject to regular cleaning cycles. 
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  Chapter 13
Conclusions and Suggestions for Future Work 
 
The objective of this thesis has been to evaluate various methodologies for enhancing 
CdS/CdTe solar cell technology. In this context, various deposition processes for thin films 
within the CdTe solar devices have been investigated and compared. A novel technique, 
Pulsed DC Magnetron Sputtering (PDCMS) has also been developed for photovoltaic 
applications, since it is has been discovered that sputtering thin films of CdS and CdTe can be 
achieved in highly stable process conditions. The processes have been optimised. Despite the 
wide range of deposition techniques which are currently available for use for photovoltaic 
applications, (metal-organic vapour phase epitaxy, chemical bath deposition, close space 
sublimation, vacuum evaporation, Radio Frequency (RF) magnetron sputtering), each 
technique has drawbacks. Consequently, this research developed using PDCMS is relevant, 
since it promises the development of a new process to manufacture cells. Although a 
previous study using pulsed DC magnetron sputtering of CdS has been reported [168], this 
work focused only on the wavelength and lifetime of transient species. The work reported in 
this thesis is the first time PDCMS has been investigated for PV devices. The main results 
achieved are summarised as follows: 
•  The major advantages of PDCMS are the high deposition rates, making the 
process suitable for use in solar module manufacturing. It also allows nanometre 
control of thin film thickness using time only. The rates obtained are over an order 
of magnitude faster than those obtained by RF sputtering. In common with other 
applications the present study has found that the energetics of the pulsed DC process 
produce favourable thin film properties and the power supply configuration avoids 
the need for complex matching circuits [259] [270]. 
• Another processing step that has been shown to have significant advantages is 
plasma cleaning of FTO-coated glass prior to the deposition of the CdS/CdTe thin 
films for solar cells. The plasma treatment improved the wettability of the substrate 
and the optical and morphological properties of the deposited CdS thin films. This 
results in higher refractive index due to the increased film density and increased grain 
size of the CdS films. Following the surface treatment, the layers did not contain 
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pinholes [258]. This allows the use of a much thinner CdS window layer which then 
produces greater photocurrent.  
Chemical bath deposition of CdS thin films on TEC glass has also been performed 
and optimised by a systematic investigation of the several parameters involved in this 
type of deposition. These parameters include the concentration of chemical reagents 
used in the bath, the shape and size of magnetic stirrers, and the deposition times. 
Replacing the magnetic stirrer with an ultrasonic probe resulted in CdS films with 
higher optical density, higher refractive index, pinhole and void-free, more compact 
and uniform both along the surface and through the deposited material. This 
deposition method was used as a baseline. The properties of CdS thin films deposited 
by pulsed DC magnetron sputtering and chemical bath deposition have then been 
compared. The comparison of the pulsed DC magnetron sputtering process and the 
CBD process revealed that PDCMS CdS thin films have the preferred and more stable 
hexagonal crystalline structure. Conversely, the CBD deposited films were 
polycrystalline with a cubic structure. Furthermore, PDCMS CdS showed columnar 
grain growth and high uniformity compared to the CBD films, which showed small 
grainy crystallites throughout the thickness of the films and poor thickness uniformity. 
PDCMS films also showed increased grain size, increased density, and higher 
crystallinity compared to the CBD CdS films. PDCMS also had higher deposition 
rates which were more than an order of magnitude faster, than the chemical bath 
deposition technique [271]. Therefore, this comparative study showed that PDCMS 
could deposit high quality films at high deposition rates making the technique a 
potentially attractive candidate for application in high throughput and low cost 
manufacturing of solar modules.  
• A parallel study has been performed for CdTe layers. Electrodeposition is considered 
as a viable and conventional low cost technique. CdTe thin films were grown on CdS 
films prepared by both sonoCBD and PDCMS. It was found that the deposition 
technique used for the CdS layer affected the growth and properties of the CdTe film. 
The CdS film not only affected the structural and morphological properties of the 
CdTe film but also determined the deposition rate of CdTe [272]. Indeed, further 
experimental work is needed to test these films, making a full PV device and 
measuring the efficiency. 
CdTe films have been deposited by PDCMS. The study was focused on the 
optimisation of the deposition process, understanding the influence of each deposition 
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parameter and analysing the optical, morphological, structural and chemical 
properties of the absorber layer. Further work is needed to complete the optimisation 
of the full PV device. As final step the deposition of broadband Multilayer Anti-
reflection coatings (MARs) to improve the efficiency of thin film CdTe solar cells has 
also been developed. Reflection losses limit the efficiency of all types of photovoltaic 
devices. Since the first reflection loss occurs at the glass-air interface of the 
photovoltaic module, about 4% of the solar energy is lost at this surface. The most 
commonly used techniques to reduce the reflection include texturing of the glass 
surface and the application of a single layer antireflective coating (ARC). An 
important issue is the availability of material with a refractive index lower than glass 
(n = 1.52). Furthermore, a single-layer coating is designed to reduce reflection at a 
single wavelength and is not effective over the spectral range used by the solar cell. 
To minimise the losses, a broadband multilayer thin-film coating has been designed in 
this study, and deposited onto the glass surface of a thin-film CdTe solar cell. The 
coating consisted of four dielectric layers of alternating thin films of ZrO2 and SiO2. 
The layers were deposited by using high-rate-PDCMS. Spectrophotometer 
measurements confirm that the transmission increased by between 2% and 5% over 
the spectrum utilised by the thin-film CdTe solar cell. The weighted average 
reflection reduced from 4.22% to 1.24%. Standard test conditions (STC) solar 
simulator measurements confirmed a 0.38% increase in absolute efficiency and a 3.6% 
relative increase in efficiency [246]. This is a significant breakthrough and it is 
expected that the use of broadband MAR coatings will be adopted by module 
manufacturers world-wide.  
 
The experimental work reported in this thesis demonstrates that PDCMS has significant 
advantages for PV applications. The technique deposits high quality thin films, with very 
high deposition rates and highly stable processes. The performance and the high deposition 
rates make the PDCMS process highly attractive for industrial scale-up. 
 
Furthermore, CREST has established a close relationship with the National Science 
Foundation Industry and University Cooperative Research Program on Next Generation 
Photovoltaics at Colorado State University (CSU). The deposition technology used at CSU is 
mainstream close spaced sublimation (CSS) which is complementary to the techniques used 
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in this study. This has allowed us to produce hybrid devices by mixing the layers developed 
at CREST with those from CSU.  
In particular, a working device has been made with efficiency ~13%. A CdS layer, 100nm 
thick, was deposited by PDCMS on TEC10 coated glass with the optimised deposition 
conditions (chapter 7). The cell has been finished by the CSU group, with the CdTe absorber 
layer deposited by CSS (around 500ºC), treated with CdCl2 (~ 400ºC) and then Cu doped 
using a CuCl2 compound treatment (around 200ºC) [273], for the back contact formation [67]. 
 
 
 
Figure 156: IV test confirmed the efficiency of the cell ~ 13% with FF = 71% for a hybrid device, CdS window layer 
deposited and CREST and cell finished at CSU. 
 
This test showed and confirmed the good quality of CdS thin film deposited by PDCMS and 
the result is highly promising for the future work planned to fabricate the entire device at 
CREST using PDCMS. This work is already in progress. 
η = 13.2%
Jsc = 23.38mA/cm2
Voc = 797mV
FF = 71%
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This study satisfied the all objectives that were supposed to be achieved, as they were 
established and mentioned at the beginning of the thesis (chapter1).  
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Achieving a pinhole-free CdS layer is necessary to produce high performance thin
film CdTe solar cells. Pinholes in the CdS layer can compromise the efficiency of a
CdTe solar cell by causing shunts. We have investigated the use of a plasma
treatment of a fluorine doped tin oxide coated glass substrate (NSG TEC 15) and
its effect on pinhole reduction in thin film CdS layers grown by Chemical Bath
Deposition. CdS films, <100 nm thickness, were deposited on both O2/Ar plasma
cleaned and conventionally cleaned substrates. We show that the O2/Ar plasma
treatment of the TEC 15 substrate reduced the water contact angle from 55 to
less than 12 indicating a substantial increase in the surface energy. The CdS
deposited on the plasma treated TEC 15 was pinhole free, very smooth and
homogenous in morphology and composition. Scanning electron microscopy
images show that the O2/Ar plasma treatment is effective in increasing film density
and grain size. Corresponding spectroscopic ellipsometry measurements show an
increase in the refractive index from 2.18 to 2.43 at 550 nm wavelength. VC 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4828362]
I. INTRODUCTION
Surface treatment by plasma cleaning has been reported to be a useful process tool for
more than 30 yr in a broad range of applications spanning from microelectronics and photovol-
taics (PVs) to automotive, textiles, medical, plastics, etc.1,2
Plasma cleaning is an effective and environmentally safe method for surface preparation.
Activation of the surface of a material is important for the growth of thin films since surface
contaminants and the native oxide can alter the growth mode and thin film adhesion. It can also
affect the properties of the deposited films and therefore the performance of the PV devices.3,4
The surface properties of transparent conducting oxides (TCOs) have an influence on the
quality of the other films comprising the cell. In particular, sputter treatments have been shown
to reduce carbon contamination and modify the resulting interface between the SnO2 and the
CdS layers.5 Poor growth regions, appearing as pinholes, can form in the n-type CdS layer,
allowing a shunt path to develop between the front contact and the p-type CdTe film.6 Pinholes
are particularly troublesome when a thin CdS layer is deposited on TCO-coated glass that has
been cleaned using industry-standard techniques.7
Plasma treatments have previously been applied to TCOs such as indium tin oxide (ITO),1
aluminium-doped zinc oxide (AZO),8 and zinc oxide (ZnO)9 with different gas combinations
such as argon, hydrogen, or oxygen. These treatments have been shown to change the proper-
ties of the TCO surfaces.
In this paper, we discuss the plasma treatment of a commercially available fluorine doped
tin oxide (FTO) transparent conducting oxide NSG TEC 15, which is used as superstrate in
CdTe solar cell devices.
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A thin film CdTe solar cell consists of a multi-layer stack material system, with layers hav-
ing specifically defined properties. Thin film CdTe solar cells are grown in a superstrate config-
uration as shown in Figure 1 on a FTO coated glass substrate.10 The light transmits through the
TCO coated glass before reaching the p-n heterojunction, consisting of the n-type CdS layer
and a p-type CdTe layer.
The plasma pre-treatment of the TEC 15 glass was performed to activate the surface prior
to the chemical bath deposition (CBD) of the thin CdS film.
Good surface wettability of the TCO coated substrate is required to avoid the presence of
the pinholes and ensure continuity in the deposited CdS thin films. Fluorine doped tin oxide is
deposited on an industrial scale using an atmospheric pressure CVD process that results in a
relatively rough surface. This roughness can increase the probability of pinhole formation. Here
we report on the use of a plasma treatment process to grow pinhole-free CdS thin films on
TEC 15 glass.
II. EXPERIMENTAL
TEC 15 glass supplied by NSG-Pilkington was used as the substrate material. TEC 15 is a
multilayer stack of materials deposited on a 3.2mm thick glass. The stack consists of a 25 nm
SnO2 layer, a 25 nm SiO2 layer, and a 280 nm thick conducting layer of fluorine doped tin ox-
ide (SnO2:F). TEC 15 has a sheet resistance of 15X/ and a relatively good transparency,
82% light transmittance. These properties are a good compromise between the electrical and
the optical requirements of a PV device substrate. The substrate was treated using 20 sccm
O2/30 sccm Ar plasma for 5min prior to the CdS film growth. The plasma power was set at
100W and at a pressure of between 335 and 273mTorr. Electrodes and sample trays are
406.4mm 406.4mm in area using perforated aluminium of thickness 3.175mm. The parallel
electrodes are used to provide uniform plasma across the sample area. All substrate surfaces are
treated to the same degree, irrespective of their position on the sample tray. The plasma treat-
ment reactor, Glen100-P AE Advanced Energy, was a parallel plate system using AC plasma
power source with potential for three gas admittance lines. The system was pumped to a
pre-process pressure of 332mTorr using a rotary pump.
A 50 nm CdS thin film was deposited by CBD, the reaction occurs in a beaker immersed in
a water jacket to ensure constant temperature (70 C). The bath solution was made of 200ml of
de-ionized water, 15ml of Cd(CH3COO)2 0.01M, 25ml of NH4OH 25%, and 10ml of
CS(NH2)2. A magnetic bar was used to stir the solution to accelerate the reaction kinetics.
III. RESULTS AND DISCUSSION
A. Substrate surface modification
Plasma treatment activates the substrate surface by increasing the surface energy. The sur-
face energy of the material was tested by measuring the water contact angle before and imme-
diately after the treatment. Figure 2 shows the effect of the plasma treatment on the FTO coated
glass surface. The equilibrium contact angle that the drop makes with the surface is 54.3
FIG. 1. Schematic of a thin film CdTe solar cell in superstrate configuration.
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before the treatment and 12.3 after the plasma treatment. This indicates that the treatment
increases the hydrophilic nature of the surface. The increased surface energy is beneficial for
adhesion and the continuity of the thin film. It is possible that the increase in surface energy
may change the thin film growth kinetics. However, there was only a marginal difference in
thin film thickness (50 nm) for films deposited on the treated and untreated surfaces as meas-
ured by spectroscopic ellipsometry. Hence a valid comparison was possible between their
properties.
This hydrophilic behaviour corresponds to the removal of contaminates from the surface,
as confirmed by X-ray photoelectron spectroscopy (XPS) analysis. Table I reports the atomic
FIG. 2. Water contact angle images (a) prior and (b) post plasma treatment.
TABLE I. Atomic% composition as determined by XPS.
Untreated Plasma treated
C1s% 24.5 11.9
O1s% 46.3 55.2
Sn3d% 27.3 31.4
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percentage of Carbon (C1s), Oxygen (O1s), and Tin (Sn3d) for the untreated and the plasma
treated substrates, indicating carbon contamination reduction without altering the Sn/O ratio.
B. Impact of substrate plasma treatment on the CdS films
Scanning white light interferometry (SWLI) is a powerful tool for the metrology of surfa-
ces. We use a variant of SWLI called Coherence Correlation Interferometry (CCI) developed
by Taylor Hobson, Ltd. The CCI technique was used to analyse the surface morphology of the
CdS films and detect pinholes in the CdS. Pinholes appear as spikes in the CCI surface image
as shown in Figure 3(a). In this case the CdS was deposited on the untreated substrate; pinholes
were detected with a mean depth of 55 nm and a width of 0.65 lm as shown in Figure 4. The
spatial resolution of the CCI is determined by the wavelength of light and the numerical aper-
ture of the lens used and is typically 0.3 lm. The vertical resolution is typically <1 nm.
The CCI analysis shows that the pinhole density was dramatically decreased and virtually
eliminated for the film grown on the plasma treated substrate (Fig. 3(b)); the thin film also has
a smoother surface.
Scanning Electron Microscopy (SEM) images were obtained to study the surface morphol-
ogy of the grown CdS films. Figure 5 shows the comparison between the surface of the
untreated (a) and the plasma treated (b) samples. The CdS films exhibit a crystalline structure
with grain size increasing from 108 nm to 175 nm following plasma treatment of substrate.
FIG. 3. Three dimensional CCI images of CdS deposited on (a) untreated and (b) plasma treated substrates (20 sccm
O2/30 sccm Ar).
011202-4 Lisco et al. J. Renewable Sustainable Energy 6, 011202 (2014)
The treated samples generally showed more uniform coverage of the surface with a more com-
pact deposited film.
XPS analysis was also performed on the CdS films to analyse their stoichiometry.
Figure 6(a) shows the XPS spectra of Cd3d and S2p photoelectron core levels for the untreated
FIG. 4. Mean depth and width of pinholes in CdS observed on the surface of the untreated samples. The thickness of the
CdS layer was 50 nm.
FIG. 5. SEM images of CdS films grown on (a) untreated and (b) plasma treated (20% O2/30% Ar) FTO coated glass.
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and the plasma treated samples. The position of the peak at 405.8 eV for Cd orbital 3d5/2 and
the shape and binding energy of 161.6 and 162.8 eV for S2p3/2 and S2p1/2, match the theoretical
CdS values,11 indicating that CdS was not incorporating oxygen into the films.
The optical properties of the CdS films were measured using spectroscopic ellipsometry.
Transmission and reflection measurements were obtained using a spectrophotometer. The Tauc-
Lorentz model12 was used to parameterise the spectral dependence of the CdS refractive index,
n, and extinction coefficient, k. The derived optical properties are shown in Figure 7. The CdS
film deposited on the plasma treated substrate showed increased refractive index (Figure 7(a)).
The film also showed increased absorption and a red-shift of the absorption edge (Figure 7(b)).
This is consistent with the increased grain size, increased compactness, and reduced pinhole
density observed for the film deposited on the plasma treated substrate.
Figure 8 shows the transmittance and reflectance spectra of the CdS thin films deposited on
the untreated and on the plasma treated substrates. The transmittance of the thin films reaches a
maximum of 80% and it decreases near the absorption edge at 500 nm; this confirms that the
CdS has good crystallinity.13
FIG. 6. XPS measurements of samples untreated and plasma treated (20 sccm O2) for Cd 3d5/2 (a) and S2p peak (b).
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The CdS deposited on the plasma treated substrate shows lower transmission compared to
the film deposited on the untreated substrate. The transmittance is lower due to the higher opti-
cal density of the CdS film as shown by the SEM measurements and the removal of pinholes
as shown by the CCI metrology measurements. The Urbach equation can be used to obtain the
absorption coefficient,14 it is defined by formula
a ¼ Aðhv EgÞ
p
hv
; (1)
where A is a constant, Eg is the band gap energy,  is the frequency, h is the Plank’s constant,
p is the numerical coefficient. In Figure 9, [ah]2 is shown as a function of the energy (eV), p
in this case is 0.5. The single slope in the curve explains the direct transition of electrons
between the valence band and the conduction band. Extrapolating the linear region of [a]2 up
to the value a¼ 0,the band gap energy (Eg) is determined to be 2.3 eV.
FIG. 7. n (a) and k (b) dispersions measured for CdS films deposited on the untreated substrate and the plasma treated
substrate (20 sccm of O2).
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The band gap decreased from 2.4 eV to 2.3 eV as a result of the substrate plasma cleaning
due to the increased density of the film or the small grain size.15
IV. CONCLUSIONS
Plasma cleaning of FTO-coated glass prior to the deposition of the CdS/CdTe solar cell
strongly affects the TCO surface, and improves the quality of the subsequently deposited CdS
thin film. Specifically, the plasma cleaned FTO exhibits increased hydrophilic behaviour, due to
a reduction or elimination of surface contamination. This corresponds to a reduction in water
contact angle and increased surface energy. When CdS thin films are deposited on to a plasma
cleaned FTO surface we have shown that the pinhole density is greatly reduced and virtually
eliminated compared with CdS films deposited on substrates treated using standard wet cleaning
techniques.
The plasma treatment improves the wettability of the substrate as demonstrated using water
contact measurements. This improves the optical and morphological properties of the deposited
CdS thin films, resulting in a higher refractive index and a higher absorption coefficient related
FIG. 8. Transmission and reflection spectra for CdS thin films deposited on TEC 15, comparing the untreated and the
plasma treated surface, with 20 sccm of O2.
FIG. 9. Energy band gap (Eg) of the untreated and plasma treated sample, estimated from the [ah]
2¼ f(h), by using the
Urbach equation.
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to the increased film density and increased grain size of CdS film. The pinhole removal and the
increased density allow the use of a much thinner CdS layer. Use of a thinner CdS layer
actually reduces absorption of blue spectrum photons thereby increasing the efficiency of the
thin film CdTe cell. Further experiments are now planned to incorporate the plasma cleaning
process into a full cell deposition process to assess the improvement to device performance.
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Refractive indexCadmium Sulphide (CdS) is an important n-type semiconductor widely used as a window layer in thin film pho-
tovoltaics Copper Indium Selenide, Copper Indium Gallium (di)Selenide, Copper Zinc Tin Sulphide and Cadmium
Telluride (CdTe). Cadmium Sulphide has been deposited using a number of techniques but these techniques can
be slow (chemical bath deposition and Radio Frequency sputtering) or the uniformity and the control of thick-
ness can be relatively difficult (close space sublimation). In this paperwe report on the development of a process
using pulsed Direct Current magnetron sputtering which allows nanometre control of thin film thickness using
time only. The CdS thin films deposited in this process are highly uniform and smooth. They exhibit the preferred
hexagonal structure at room temperature deposition and they have excellent optical properties. Importantly,
the process is highly stable despite the use of a semi-insulating magnetron target. Moreover, the process is
very fast. The deposition rate using 1.5 kW of power to a 6-inch circular magnetron was measured to be greater
than 8 nm/s. This makes the process suitable for industrial deployment.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Cadmium Sulphide (CdS) is an important semiconductor material
widely used in thinfilmphotovoltaics as awindow layer [1,2]. Cadmium
Sulphide is an n-type semiconductorwith a band gap of 2.42 eV. Cadmi-
um Sulphide exists in two crystalline phases, hexagonal wurzite and the
cubic zinc-blend structure. Cadmium sulphide has a bulk refractive
index (n) of 2.52 at wavelength 600 nm [3] which is well suited for its
application in solar cells. The refractive index value is between the
index of the absorber and the Transparent ConductingOxide (TCO) con-
tact, which allows light trapping by refractive index matching. Radio
Frequency (RF) Sputtered CdS films with refractive index in the range
of 2.25–2.51 have been reported [4,5]. Sprayed films have been reported
with a refractive index of 2.12 [3] and refractive indices in the range
2.19–2.32 have been reported for vacuum evaporated CdS [3,6].
Thin film CdS has been used as a n-type material to form a
heterojunction in a number of photovoltaic systems including copper in-
dium selenide (CIS) [7], copper indium gallium (di)selenide (CIGS)
[8–10], copper zinc tin sulphide (CZTS) [11,12] and cadmium telluride
(CdTe) [1,13–16]. Although research is being conducted to evaluate
alternatives to CdS in CIGS [7,9,10], the highest efficiency devices utilise
a CdS window layer [2,8]. The CdS window layer is required to provide
good transmission of light through to the absorber layer in a thin film. This is an open access article underphotovoltaic (PV) stack. The material must uniformly cover the absorber
to avoid shunts between the absorber and the front electrode. The depo-
sition technique is required to allow fine control of thickness since films
between40nmand150nmare usually required in solar cells. The precise
thickness of the CdS layer determines the degree of light absorption. A
compromise is needed between uniformity of coverage of the CdS, its
thickness, and light transmission into the absorber layer.
CdS has been deposited using a number of methods including:
metalorganic vapour phase epitaxy [17], chemical bath deposition
[7,12], close space sublimation [13,18–20], vacuum evaporation
[6,16,21], and Radio Frequency (RF) magnetron sputtering [1,22–24].
RF sputtered films can be deposited at room temperature but they usu-
ally exhibit a small grain size. Magnetron sputtering deposits dense
films with uniform surface coverage avoiding pinhole formation. It
also offers good control of thin film thickness. RF sputtering has been
used to date since CdS is a semi-insulating material and the use of DC
power leads to charge build up, arcing and process instability. Unfortu-
nately, magnetron sputtering using RF power results in low deposition
rates (for example a rate of 0.3 nm/s has been reported at 250 W [24])
and involves the use of complex matching circuits. Although suitable
for research purposes, the technique is not well suited to industrial de-
ployment. In this paper, we report on the use of pulsed DC magnetron
sputtering. A previous study using pulsed DC magnetron sputtering of
CdS has been reported but this work focused on the wavelength and
lifetime of transient species [25]. We have developed a process using
pulsed DC power that can be used to sputter thin films of CdS in processthe CC BY license (http://creativecommons.org/licenses/by/3.0/).
44 F. Lisco et al. / Thin Solid Films 574 (2015) 43–51conditionswhich are highly stable. Themajor advantage is that the pro-
cess produces high deposition rates suitable for use in solar module
manufacturing. These rates are over an order of magnitude faster than
those obtained by RF sputtering. In common with other applications
we also find that the energetics of the pulsed DC process produce
favourable thin film properties and the power supply configuration
avoids the need for matching circuits [26,27].2. Experimental details
CdS thin filmswere deposited by pulsed DCmagnetron sputtering in
a ‘PV Solar’ sputtering system (Power Vision Ltd., Crewe UK). The sys-
tem is equipped with four six-inch diameter circular magnetrons
mounted vertically, with an option to replace one of the magnetrons
with a plasma source for reactive sputtering. The samples are mounted
vertically on a rotatable carrier, designed for 5 cm×5 cmsubstrates. The
target to substrate distance is typically 10 cm. During the deposition
process the carrier rotates at typically 120 rpm. This provides excellent
uniformity in the horizontal direction. Uniformity in the vertical direc-
tion is achieved using disposablemasksmounted in front of themagne-
tron target. The CdS thin films were sputtered using a pulsed DC power
supply (Advanced Energy Inc. Pinnacle plus, 5 kW) using argon as the
working gas [28].
The CdS thin films were deposited on NSG-Pilkington Transparent
Electrically Conducting (TEC15 and TEC10) Fluorine doped tin oxide
(FTO) coated glass substrates. Prior to the CdS deposition, the substrates
were cleaned in a two-step ultrasonic bath process consisting of a 5minFig. 1. The XPS spectrameasured for pulsed DC deposited CdS, was not affected by the de-
position conditions, showing photoelectron core levels of (a) Cd3d5/2 and Cd3d3/2 and
(b) S2p for CdS thin films deposited at 10 sccm Ar, 500W and 150 kHz. For (a) the fitting
is achieved with a single Gaussian peak due to CdS and for (b) the fitting shows the
splitting of S2p3/2 and S2p1/2. The green line below shows the error fitting function.
Fig. 2. (a) XRD pattern, (b) Kikuchi pattern and (c) Kikuchi phase map of a CdS film
sputtered on TEC15 coated glass for 3600 s, 10 sccm Ar, 500 W, 150 kHz, 2 s (ramp
time), 2 μs (reverse time). The * in (a) indicates peaks due to the TEC 15 glass substrate.
Fig. 3. (a) Transmission electron back-scatter diffraction derived map overlaid with inverse
pole figure of a sputtered CdS sample. Different colours represent different orientations for
grains as shown in the inverse pole figure (IPF) map. (b) Transmission electron back-
scattered diffraction derived phase/confidence index map from a CdS sputtered sample;
zones and the dark parts are related to the grain boundaries. (c) SEM fracture cross section
of 1.6 μm thin film of CdS sputtered with 10 sccm Ar for 3600 s, 500 W. TEM image (d) of
the same sample. The film shows a structure with thin columnar grains.
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by a second ultrasonic bath in de-ionisedwater for 5min. Following the
cleaning, the substrateswere subjected to a plasma surface treatment in
a mixture of 20 sccm of O2 and 30 sccm of Ar using a plasma discharge
power of 100 W and a pressure ~40 Pa to activate the surface [29,30].
The plasma treatment was carried out in a Glen100-P AE Advanced
Energy system. The reactor is a parallel plate systemwith an AC plasma
power source connected to substrate shelves which act as electrodes.
The samples were then transferred to the deposition system. The cham-
berwas evacuated to a pressure of 5 × 10−3 Pa before admitting pure Ar
gas at flows in a range between 5 sccm and 20 sccm. The depositions
were performed using the following process conditions: 150 kHz
(pulsing frequency), 2 s (ramping time), and 1.5 μs (pulse reverse
time). The effects of increasing the Ar gas flow (5 sccm, 10 sccm,
15 sccm and 20 sccm), the deposition power (250 W–1500 W) and
the deposition temperature (250, 300 and 400 °C) on thefilm properties
were investigated. At these deposition conditions, the plasma arcing
was minimal during the film growth and the working pressure was
measured to be 1 Pa.
The chemical composition, microstructure and optical properties of
the CdS thin films were investigated. The microstructure was studied
with a high resolution field emission gun scanning electron microscope
(FEGSEM), Leo 1530VP FEG-SEM,which provides the ability to visualise
surface features of the material with nanometer resolution.
An X-ray Photoelectron Spectroscopy (XPS) surface analysis tool
was used to obtain the chemical composition of the layers. The analysis
was performed using a ThermoScientific K-Alpha XPS. An electronflood
gun was used to reduce any charging that would cause peak shifts to
occur. An argon ion surface etch at 1 keV for 30 s, was carried out
prior to analysis to remove surface contamination. The X-ray source
used was Al Kα radiation hν = 1486.6 eV with a beam diameter of
200 microns. The High Resolution Multiplex Scan was used to evaluate
the chemical state(s) of each element through its core electron binding
energies. Precise determination of binding energies was made through
the use of curve fitting routines applied to the peaks in the multiplex
scan and sensitivity factors were taken into account to determine ele-
mental composition. A dual beam FEI Nova 600 Nanolab was employed
to prepare the transmission electron microscopy (TEM) samples. A
standard in situ lift offmethodwas used to prepare cross-sectional sam-
ples through the coating into the glass substrate. A platinum over-layer
was deposited to define the surface of the samples and homogenize the
final thinning of the samples. TEM images were obtained using a Jeol
JEM 2000FX operating at 200 kV, with an integrated camera above the
phosphor screen to obtain digital images. The TEM technique provided
morphological analysis of the grain structure of the sputtered CdS
films on FTO coated glass substrates. The X-ray diffraction analysis
(XRD) was performed, using a Bruker D2 Phase bench-top XRD using
Copper X-rays with a 1.542 nm wavelength, to investigate the crystal-
line structure of the material. Each sample was scanned using an
angular range of 20–90° with a step size of 0.02° and a dwell time of
0.1 seconds. Electron Backscattered Diffraction (EBSD) was used for
crystal analysis to measure the structure and orientation in the solid
crystalline phase. Transmission Electron Back-Scatter Diffraction
(t-EBSD) was used because it offers superior resolution suitable for
the characterisation of the small grains of the sputtered CdS material.
t-EBSD was carried out using a dual beam FEI Nova 600 equipped with
an ultra-high speed Hikari, Electron backscattering diffraction (EBSD)
camera, using a beam current of 6.7 nA and an acceleration voltage of
30 kV. ScanningWhite Light Interferometry (SWLI) (Sunstar CCI, Taylor
Hobson Ltd.) was used tomeasure sample surface roughness and to de-
tect the presence of pinholes. Pinholes are a known problem for thin
films CdS in PV devices [28]. Pinholes are microscopic imperfections in
the coating which appear as pits in the interferometer surface image.
The spatial resolution of the interferometer is determined by the
wavelength of light and the numerical aperture of the lens used, and
is typically ~0.3 μm. The vertical resolution is typically b1 nm. Thetransmission, reflection and energy band gap (Eg) measurements
were carried out using a spectrophotometer (Varian Cary® UV–Vis
5000). The instrument is equipped with an integrating sphere and set
of gratings which allow the collection of transmission information
from wavelengths in the range from 185 nm to 3.3 μm. The energy
band gap Eg, was calculated as a graphic extrapolation by using the
Tauc plot [31].
a ¼
A hv−Eg
 p
hv
hv ð1Þ
with α, is the absorption coefficient A—the proportionality constant,
Eg—the band gap energy, ν—the frequency, h—the Plank's constant,
Fig. 4. SEM images of CdS films deposited at 600 s, 150 kHz, 2 s, 2.5 μs, by changing (a) the
Ar gas flow from 10 sccm to (b) 20 sccm and power from 500 W to (c) 1500 W.
Fig. 5. SEM images of 100 nm thick CdS films, deposited at 150 kHz, 2 s, 2.5 μs, 500 W by
changing the deposition temperature (a) 250 °C (b) 300 °C (c) 400 °C.
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p = 2 for indirect band gap material).
The optical properties of the thin films were also measured using
spectroscopic ellipsometry (SE) (Horiba, Jobin Yvon, UVISEL); which
provided information about the thickness and refractive index (anduni-
formity) of the deposited films. The dispersion of the real and imaginary
part of the refractive index was measured in a wavelength range be-
tween 248 nm and 2100 nm. To analyse SE data and derive the energy
band gap and refractive index of films, we used a three-layer model
consisting of TEC-substrate/interface/CdS-film/surface-roughness/air;
for the TEC substrate, the SE experimental file recorded just before
starting the deposition,was usedwithout any assumption; the interfacewas a Bruggeman effective medium (BEMA) [28] mixture of the
top layer of the TEC substrate (SnO2:F) and CdS; the CdS optical
properties were parameterised using a double Tauc Lorentz dispersion
formula [29]:
εi
XN
i¼1
1
E

Ai  Ei  Ci  E−Eg
 2
E2−E2i
 2 þ C2i  E2
0 for E ≤ Eg
8><
>:
for E N Eg ð2Þ
Fig. 6. SWLI surfacemaps of CdS films deposited at different Arflows: 5 sccm (a) and 20 sccm (b). 2D cross section across recorded voids in the surface of CdS deposited at 20 sccm Arflow
(c). The thickness of the CdS layer was 270 nm.
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tion energy of the oscillator of highest order, Ci, the broadening
term of the peak, and Eg, the optical band gap.εr is written as the fol-
lowing sum:
εr Eð Þ ¼ εr ∞ð Þ þ
XN
i¼1
2
π
 P 
Z∞
Eg
ξ  εi ξð Þ
ξ2− E2
dξ ð3Þ
The surface roughness was a BEMA mixture of 50% CdS and
50% voids. The fit parameters were the Tauc parameters and layer
thicknesses.
3. Results and discussion
3.1. CdS composition, structure and morphology
Fig. 1 shows the XPS spectra of Cd3d and S2p photoelectron core
levels measured for CdS films deposited at ambient temperature using
different Ar gas flows. The position of the Cd peaks was 405.8 eV and
412.3 eV for Cd3d5/2 and Cd3d3/2 respectively; the shape and the bind-
ing energy of 161.6 eV and 162.8 eV m e a s u re d fo r S2p3/2 and S2p1/2
matched the theoretical values for CdS [30]. This indicated that the de-
posited CdS films are stoichiometric and no oxygen was incorporated
into the film. This is also supported by a fitting analysis which showed
only the CdS component. The XPS analysis of CdS films deposited at
different values of Ar gas flow, deposition power and temperature
showed that the chemical composition of the sputtered film CdS was
unaffected by the deposition parameters.Fig. 2 shows the XRD pattern measured for a CdS sputtered at ambi-
ent temperature, at an Ar flow of 10 sccm on a TEC15 glass substrate.
Diffraction peaks due to the (002), (100), (101), (102), (110) and
(103) reflection peaks indicate the hexagonal phase for the CdS thin
film.
The hexagonal phase was also supported by t-EBSD analysis carried
out on various grains. Each Kikuchi line, in the Kikuchi diffraction pat-
tern collected in transmission electron back-scattered diffraction from
a CdS grain, is associatedwith Bragg diffraction from one side of a single
set of lattice planes and they can be labelled with the same Miller
indices that are used to identify diffraction spots. Fig. 2 (b–c) shows a
large number of bands overlaid with the hexagonal phase map, which
provide a clear indication that each grain is of the hexagonal phase.
Additional information on the crystalline structure of individual
grains was obtained by the inverse pole figure (IPF) map shown in
Fig. 3. Inverse pole figure (IPF) orientation component uses a basic
RGB colouring scheme, fit to an inverse pole figure. Euler angles are a
set of three angles used to describe the crystallographic orientation of
crystals relative to a reference co-ordinate system (usually defined by
the primary SEM stage axes). Here, the value of each Euler angle is indi-
vidually set to a colour scale (normally red, green, and blue), and the
three are combined into a single RGB colour. Intermediate orientations
are coloured by an RGB mixture of the primary components. The trans-
mission electron back-scatter diffraction map in Fig. 3a shows that the
sputtered grains have a high level of texture in the b111N direction, con-
sistent with the XRD pattern (Fig. 2). Furthermore, the high resolution
transmission electron back-scattered diffraction phase/confidence
indexmap in Fig. 3b shows that within the grains there is a high degree
of indexing, while at grain boundaries the Kikuchi pattern quality is
reduced and therefore they are shown as darker regions, highlighting
Fig. 7. Refractive index spectra of a 400 nmCdS thin film, (a) real (n) and (b) imaginary part (k), withmarked E0 and E1 inter-band transition points; (c) showsmap of refractive index at
550 nm, area of 5 mm × 5 mm outlined by 25 different points; (d) shows thickness map of CdS layer 400 nm thick on a 5 mm × 5 mm area outlined by 25 different points.
Fig. 8. Energybandgap, 2.31 eV and transmittance curve, as inset, for CdSfilmdeposited at
600 s, 500 W, 150 kHz, 2 s, 2.5 μs with 10 sccm of Ar on TEC15 and soda lime glass.
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tion and SEM fracture cross section images of a 1.6 μm thick CdSfilm de-
posited on TEC10 glass shown in Fig. 3c and d, respectively. The TEM
image in Fig. 3d shows that the grain size is typically ~50 nm and the
onset of grain coalescence is observed from the SEM surface images,
shown in Figs. 4 and 5.
The SEM images in Fig. 4 show the surfacemorphology of the depos-
ited CdS film, measured for films deposited at different gas flows and
deposition powers. The surface morphology appeared to be mostly un-
affected by the Ar gas flow and the deposition power. The substrate
temperature was ambient, a few degrees above room temperature
due to substrate interaction with the magnetron plasma. The thickness
of each thin filmwasmaintained at ~270 nm for this set of experiments.
Fig. 5 (a–c) shows SEM images of 100 nm thick CdS thin films depos-
ited at different temperatures (250 °C, 300 °C and 400 °C). Increasing
the deposition temperature from 250 °C to 400 °C resulted in morphol-
ogy changes of the deposited CdS films. The grains of thefilms deposited
at 250 °C appeared to have a round shape. The thin films deposited at
higher temperature (300 °C and 400 °C) were more compact and
showed more uniform distribution of the grain size.
Fig. 6 shows a typical surface profile obtained using SWLI for samples
deposited using an Ar flow of 5 sccm and 20 sccm. The analysis showed
that films deposited at Ar flows below 20 sccm had a smooth uniform
surface, but when the Ar flowwas increased to 20 sccm voids appeared
in the SWLI image of the film surface. The voids appear as deep pits in
the surface; a 2D cross section across recorded voids shows that the de-
tected pinholes were 174 nm deep. The thin film was 270 nm thick;
therefore, these pits were voids in the deposited film but no pinholes
were detected.3.2. Optical properties of the deposited CdS films
Fig. 7 shows the derived optical properties of the CdS film deposited
at 10 sccm of Ar flow and 500 W deposition time for 600 s. The peak at
2.7 eV is the E0 inter-band transition [32] in good agreement with the
absorption edge of hexagonal CdS [31], while the E1 inter-band transi-
tion at 4.9 eV is at the end of the experimental measurement range.
The uniformity of the optical properties and thickness of deposited
Fig. 9. (a) Refractive index, n; (b) extinction coefficient, k. For thin film CdS deposited
using different argon gas flows.
Fig. 10. Refractive index (a) and extinction coefficient (b) of CdS films sputtered at
different deposition powers: 500, 1000, 1250 and 1500 W.
Fig. 11. Deposition rate as a function of deposition power (150 kHz, 10 sccm Ar).
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tion of the refractive index (c) and thickness (d) on a 5 mm × 5 mm
area. Typically the refractive index changed in the range of 2.50–2.54,
with a standard deviation of σ b 0.01.
The transmittance of this film reaches a maximum of ~80% and
decreases to 0% near the absorption edge at 500 nm (Fig. 8). From the
Tauc plot, an energy band gap (Eg) of 2.31 eV has been determined.
Fig. 9 shows refractive index, extinction coefficient, and transmit-
tancemeasured for films deposited at different gas flows. Themeasure-
ment showed that, while the extinction coefficient and band gap do not
change significantly, the increase in the gas flow resulted in a lower re-
fractive index. This is consistent with the SWLI results where for higher
Ar flows, voids were present in the surface of the CdS films. Voids are
known to reduce refractive index ofmaterial because the optical density
is affected by the presence of these defects of thematerial. Consequently,
the transmittance changed slightly in the range of 75%–80%. Fig. 10
shows that the deposition power affected the refractive index of films,
as shown by the spectra for CdS films deposited at 5 sccm Ar flow at
different deposition powers of 500, 1000, 1250 and 1500 W.
3.3. The effect of deposition parameters on the deposition rate
The influence of deposition power and gas flow on the deposition
rate was studied. The results are shown in Figs. 11 and 12. The deposi-
tion rate increased linearly with the deposition power. The deposition
rate was affected by the argon flow rate and working gas pressure
with rate increasing from 4.26 nm/s at a flow rate of 5 sccm to
5.33 nm/s at 20 sccm, as shown in the inset. The deposition rate
was observed to decrease once the argon gas flow rate was higher
than 20 sccm possibly caused by scattering. The effect of changingthe gas flow rate was investigated in the range between 5 and 20
sccm. The effect of substrate temperature on the deposition rate
was also investigated. Fig. 13 shows the measured deposition
rates for different substrate temperatures up to 400 °C. The deposi-
tion rate decreased with increasing substrate temperature [33].
4. Discussion
Thin film CdS is an important component of several thin film photo-
voltaic device systems including thin film CdTe, CIS, CIGS and CZTS. It is
used as an n-type window layer to form the device heterojunction.
Layers of thin film CdS are often deposited using a chemical bath
method but this process is slow and is prone to the formation of
Fig. 12. Deposition rate as a function of argon gas flow at 500 W deposition power.
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process also suffers from low deposition rates and involves the use of
complexmatching circuitry. In this paperwe report on the use of pulsed
DC magnetron sputtering to deposit thin film CdS. Importantly, the use
of pulsed DC at 150 kHz frequency results in a highly stable process
with no plasma arcing. It allows close control of film thickness using
time only. There is no requirement for feedback using quartz crystal
monitoring.
We present a comprehensive analysis of the micro-structural and
optical properties of the CdS films as a function of argon gas flows,
power, temperature, and deposition time. The CdS films deposited by
pulsed DC sputtering were uniform, columnar and smooth and in all
cases the films were stoichiometric and this was unaffected by gas
flow, deposition power or temperature. All the films were in the
preferred hexagonal structure even at room temperature. The films
exhibited a high level of texture in the b111N direction. The grain size
was typically ~50 nm. Pinholes and voids could be avoided by reducing
the working gas pressure using gas flows below 20 sccm.
The mapping of the refractive index showed that the deposited
CdS thin films were very uniform to ±0.8%. The band gap was
measured to be 2.31 eV while refractive index (n) was measured to be
2.52 +/− 0.02. Increase in the gas flow leads to a reduction in the
refractive index, while increasing the deposition power resulted in an
increase of the refractive index. Pulsed DCmagnetron sputtering allows
close control of the thickness by changing the gas flows, deposition
power and deposition temperature. With the increase of the substrate
temperature up to 400 °C, the morphology of the thin film changes,
leading to a more compact layer.Fig. 13. Deposition rate as a function of deposition Temperature. The first point on the x-
axis represents the deposition processed without heating.The deposition rate achieved using pulsed DCmagnetron sputtering
is of particular note. Using 1500 W of deposition power at the magne-
tron target (corresponding to a power density of ~8.5 W m−2) at
150 kHz pulsing frequency and 10 sccm argon gas flows, the deposition
rate was measured to be 1.33 nm/s. However, this rate is achieved on a
5 cm× 5 cm substrate located on a 180mmdiameter rotating carrier. In
this configuration, the substrate is exposed to the deposition flux only
for a fraction or each revolution. The equivalent deposition rate for a
static substrate is 8.66 nm/s, which is high and much faster than can
be achieved using a chemical bath deposition or RF magnetron
sputtering. As an example, the typical thickness of the CdS window
layer in a thin film CdTe device is ~100 nm and this could be deposited
in less than 12 s. We will investigate the properties of these thin layers
in devices in future work. The high deposition rate makes the process
highly attractive for industrial scale-up. Although target utilisation is
poor with the planar magnetrons used in this study, this limitation
could be overcome in a manufacturing environment by using rotating
magnetrons.
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Cadmium sulphide (CdS) thin films were deposited by two different processes, chemical bath deposition (CBD),
and pulsed DC magnetron sputtering (PDCMS) on fluorine doped-tin oxide coated glass to assess the potential
advantages of the pulsed DCmagnetron sputtering process. The structural, optical andmorphological properties
of films obtained by CBD and PDCMS were investigated using X-ray photoelectron spectroscopy, X-ray diffrac-
tion, scanning and transmission electronmicroscopy, spectroscopic ellipsometry andUV–Vis spectrophotometry.
The as-grown films were studied and comparisons were drawn between their morphology, uniformity, crystal-
linity, and the deposition rate of the process. The highest crystallinity is observed for sputtered CdS thin films. The
absorption in the visible wavelength increased for PDCMS CdS thin films, due to the higher density of the films.
The band gapmeasured for the as-grownCBD-CdS is 2.38 eV compared to 2.34 eV for PDCMS-CdS, confirming the
higher density of the sputtered thin film. The higher deposition rate for PDCMS is a significant advantage of this
technique which has potential use for high rate and low cost manufacturing.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Cadmium sulphide (CdS) is an important II–VI compound semicon-
ductormaterialwith applications in several heterojunction photovoltaic
systems including cadmium telluride (CdTe), copper indiumdiselenide/
sulphide and copper indium gallium diselenide/sulphide (CIGS) solar
cells [1]. It has also applications in various electro-optic and infrared de-
vices [2]. There are several deposition techniques used for the deposi-
tion of thin film CdS including RF sputtering [3,4], chemical bath
deposition (CBD) [5], thermal evaporation [6], chemical vapour deposi-
tion [7], close space sublimation (CSS) [8], molecular beam epitaxy [9]
and spray pyrolysis [10]. Each deposition process produces different
structural, electrical and optical properties of the CdS thin films. In
most heterojunction devices, high efficiency cells utilise a CdS window
layer [11,12]. For example, First Solar has reported CdS deposited
high-rate vapour transport deposition (HRVTD) [13]. A 14.2% efficient
thin film CdTe solar cell with CdS deposited by CSS has been reported
[14]. Use of RF sputtered CdS in CdTe solar cells resulted in an efficiency
of 15.8% [15,16]. Interestingly, an efficiency of 21.7% has been reported
for CIGS devices with CdS layers grown by CBD [17].
We have developed a process using pulsedDCmagnetron sputtering
(PDCMS) [18] to sputter thin films of CdS in highly stable process condi-
tions. In this paper, we report on the differences in the properties of CBD
and PDCMS deposited CdS thin films. The major advantage of the
PDCMS process is that it produces high deposition rates which are
much higher than those obtained using RF sputtering [19]. This makes
the use of pulsed DC sputtering suitable for high throughput solarmod-
ule manufacturing [18]. We also find that the energetics of the pulsed
DC process produce favourable thin film properties. In addition, the
use of pulsed DC power supplies avoids the need for complex matching
circuits necessary when using radio frequency power supplies.
2. Experimental details
Transparent electrically conducting (TEC 10) glass supplied by NSG-
Pilkington (http://www.pilkington.com/) was used as the substrate
(superstrate) material. The substrates were cleaned in a two-step ultra-
sonic bath process followed by a plasma surface treatment prior to the
CdS film growth [20]. CdS thin films of ~100 nm thickness were depos-
ited by pulsed DC magnetron sputtering in a ‘PV Solar’ magnetron
sputtering system (Power Vision Ltd., Crewe UK); details of the system
have been provided elsewhere [18]. The deposition conditions were set
using the following process parameters: 10 sccm of Ar gas flow, 500W,
150 kHz, 2 s (ramping time), 2.5 μs (reverse time).
Thin films of CdS of ~100 nm thickness were deposited by chemical
bath deposition (CBD); the reaction occurred in a beaker immersed in a
water jacket to ensure constant temperature (70 °C). The bath solution
consisted of 200 ml of de-ionised water, 15 ml of Cd(CH3COO)2 0.01 M,
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25ml of NH4OH 25% and 10ml of CS(NH2)2, 0.1 M. An ultrasonic probe
was immersed in the solution to accelerate the reaction kinetics [20].
The chemical composition, microstructure and optical properties of
CdS thin films prepared by CBD and PCDMSwere investigated and com-
pared. The microstructure was studied with a high-resolution field
emission gun scanning electron microscope (FEGSEM), Leo 1530 VP
FEG-SEM, which provides the ability to visualise surface features of
thematerial with nanometre resolution, operating at 5 kV. X-ray photo-
electron spectroscopy (XPS) was used to obtain the surface chemical
composition of the layers. The analysis was performed using a Thermo
Scientific K-Alpha XPS surface analysis tool. An electron flood gun was
used to reduce charging that would cause peak shifts to occur. An
argon ion surface etch at 1 keV, for 30 s, was carried out prior to analysis
to remove surface contamination. The X-ray source usedwas Al Kα radi-
ation hν= 1486.6 eV with a beam diameter of 200 microns. The High
Resolution Multiplex Scan was used to evaluate the chemical state(s)
of each element through its core electron binding energies. Precise deter-
mination of binding energies was made through the use of curve fitting
routines applied to the peaks in themultiplex scan and sensitivity factors
were taken into account to determine elemental composition. A dual
beam FEI Nova 600 Nanolab was employed to prepare the transmission
electron microscopy (TEM) samples. A standard in situ lift off method
was used to prepare cross-sectional samples through the coating into
the glass substrate. A platinum over-layer was deposited to define the
surface and homogenise the final thinning of the samples. TEM images
were obtained using a Jeol JEM 2000FX operating at 200 kV, with an in-
tegrated camera above the phosphor screen to obtain digital images. The
TEM technique providedmorphological analysis of the grain structure of
the sputtered and CBD CdS films on fluorine doped tin oxide (FTO) coat-
ed glass substrates (TEC 10). Scanning transmission electronmicroscopy
(STEM) was carried out using a FEI Tecnai F20 (S) TEM, equipped with a
silicon drift detector, in the common imaging mode for the STEM bright
field imaging (BF). The X-ray diffraction analysis (XRD) was performed,
using a Bruker D2 Phase bench-top XRD using copper X-rays with a
1.542 nmwavelength, to investigate the crystalline structure of the ma-
terials. Each sample was scanned using an angular range of 20–90 ° with
a step size of 0.02 ° and a dwell time of 0.1 s. The transmission, reflection
and energy gap (Eg)measurementswere carried out using a spectropho-
tometer Varian Cary® UV–Vis 5000. The energy band gap Eg, was calcu-
lated by a graphic extrapolation by using the Tauc plot [21].
The optical properties of the thin films were measured using spectro-
scopic ellipsometry (SE) (Horiba, JobinYvon,UVISEL);whichprovided in-
formation about the thickness and refractive index (and uniformity) of
the deposited films. The dispersion of the real and imaginary part of the
refractive index was measured in a wavelength range between 248 nm
and 2100 nm. The transparent electronic conductive (TEC 10) glass has
a complex multilayer structure, being coated with successive layers of
undoped SnO2, SiO2 and F-doped SnO2, to achieve the desired sheet resis-
tance. The optical properties of each component layer have been reported
Fig. 1. TheXPS spectrameasured for pulsedDCand chemical bath deposited CdSfilms,were not affected by thedeposition conditions, showing photoelectron core levels of (a) Cd3d5/2 and
Cd3d3/2 and S2p for CdS thin films deposited at 10 sccmAr, 500Wand150 kHz and (b) Cd3d5/2 and Cd3d3/2 and S2p for CdS thin films deposited by chemical bath. For Cd3d5/2 and Cd3d3/2,
the fitting is achieved with a single Gaussian peak due to CdS and for S2p the fitting shows the splitting S2p3/2 and S2p1/2. The green line at the bottom shows the error fitting function.
Fig. 2.XRD spectra of CBD andPDCMS CdSfilms. The peaks due to the hexagonal and cubic
structure are indicated by H and C, respectively. The peaks due to the subtrate are indicat-
ed with *.
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elsewhere [22]. The overall properties of the TEC 10 glass optical structure
were measured by spectroscopic ellipsometry prior to CdS deposition.
This data was then used as a fixed optical structure for the substrate
in the ellipsometric model. The model consisted of a TEC-substrate/
interface/CdS-film/surface-roughness/air structure to analyse SE data
and derive the energy gap and refractive index of the CdS thin films.
The CdS optical properties were obtained using a double Tauc Lorentz
parameterisation [23]. The surface roughness was a Bruggeman Effective
Medium Approximation (BEMA) [24] mixture of 50% CdS and 50% voids.
The fit parameters were the Tauc parameters and layer thicknesses.
3. Results and discussion
Fig. 1(a) and (b) shows the XPS spectra of Cd3d and S2p photoelec-
tron core levels measured for CdS films deposited by PDCMS sputtering
and chemical bath deposited at 70 °Cwith Cd(CH3COO)2 0.01M,NH4OH
25% and CS(NH2)2, 0.1 M, respectively. The binding energies of 405.8 eV
and 412.3 eV for Cd3d5/2 and Cd3d3/2, respectively, and 161.6 eV and
162.8 eV for S2p3/2 and S2p1/2 matched the theoretical values for CdS
[25]. This indicates that the deposited CdS films are stoichiometric and
no oxygen was incorporated into the films. This is also supported by
fitting analysis, which showed only the CdS component.
The XRDanalysis (see Fig. 2) is complicated by the coincidence of the
TEC substrate and CdS film peaks; nevertheless, some analysis can be
performed by examining the intensity of peaks and the different atten-
uation of the TEC peaks. Specifically, the very intense b002N reflection
for the PDCMS CdS indicates the hexagonal structurewith a preferential
orientation b001N, whereas the CBD CdS films exhibit a cubic polycrys-
talline structure. The XRD analysis was referred to JCPDS database cards
(http://www.icdd.com/).
Fig. 3 compares the surface morphologies of PDCMS (a) and CBD
(b) deposited CdS thin films. The CBD deposited films have smaller
crystallites compared to the PDCM sputtered films. Both show the
onset of grain coalescence.
BF-STEM cross-sectional images of a 100 nm thick CdS film deposit-
ed on TEC10 glass by PDCMS and CBD are shown in Fig. 4(a) and (b), re-
spectively. The grains expand through the thickness of the film
deposited by PDCMS with a columnar structure (a) while small grainy
crystallites grow through the thickness of CBD CdS film (b), consistent
with the SEM images and XRD data. In both cases, the grains grow by
following the structure of the substrate surface beneath (TEC10 glass)
and voids are not observed at the interface.
Fig. 5 shows the derived optical properties, dispersion of the refrac-
tive index, n, and extinction coefficient, k, of the, CdS films deposited on
TEC10 by PDCMS and CBD. The PDCMS CdS film shows a higher refrac-
tive index and a slightly higher absorption at 500 nm with sharper
interband transition E1 [23] (Fig. 5(b)). This can be explained by the in-
creased grain size, increased density, and higher crystallinity observed
for the films deposited by PDCMS compared to the CBD deposited CdS.
The transmittance of the thinfilms reaches amaximumof ~75% (this
includes the effect of absorption in the TEC10 substrate) and decreases
near the absorption edge at 500 nm, confirming the crystallinity of the
CdS thin films (Fig. 6, inset). The PDCMS CdS has a lower transmission
than the CBD deposited CdS, due to its higher optical density, in agree-
mentwith the ellipsometric analysis. Fig. 6 shows the band gap (Eg) de-
termined from the Tauc plot. The PDCMS CdS has a band gap of 2.34 ±
0.01 eV compared to 2.38 ± 0.01 eV measured for the CBD CdS.
The deposition rate for CdS obtained using pulsed DC magnetron
sputteringwas 0.44 nm/s using only 500W power on a six inch circular
magnetron target. This rate is achieved on a 5 cm×5 cmsubstrate locat-
ed on a 180mmdiameter-rotating substrate carrier. The equivalent de-
position rate for a static substrate is ~2.86 nm/s. The deposition rate
using CBD is comparatively much slower. To deposit a 50 nm thick
film of CdS required about 30min and a thickness of 150 nmneeded 1 h.
Fig. 3. SEM surface images of CdS films deposited by PDCMS (a) and CBD (b).
Fig. 4. TEM images of the sputtered CdS film (a) and CBD CdS film (b) both deposited on TEC10 coated glasses.
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4. Conclusions
We have deposited and compared the properties of CdS thin films
deposited by pulsed DCmagnetron sputtering and chemical bath depo-
sition. The pulsed DC magnetron sputtering process produced CdS thin
films with the preferred hexagonal b001N oriented crystalline struc-
ture. TEM analysis shows evidence of columnar grain growth. Converse-
ly, the CBD deposited films were polycrystalline with a cubic structure,
showing small grainy crystallites throughout the thickness of the
films. CBD deposited films exhibited comparatively poor thickness uni-
formity while the pulsed DC sputtered films were highly uniform. The
spectroscopic ellipsometry analysis showed higher refractive index
and slightly higher absorption at 500 nm for the PDCMS deposited
CdS films, confirming the increased grain size, increased density, and
higher crystallinity compared to the CBD CdS films. The films deposited
by both techniques were pinhole and void-free, with an optical band
gap of 2.34 ± 0.01 eV for the PDCMS deposited films and 2.38 ±
0.01 eV for CBD.
We have found that the deposition rate for CdS obtained using
pulsed DC magnetron sputtering was 2.86 nm/s using only 500 W
power on a six inch circular target. This is a high deposition rate and
more than an order of magnitude faster than the chemical bath deposi-
tion technique.Moreover, we found thatwe couldmaintain process sta-
bility using 1.5 kW of power which produced a proportionate increase
in deposition rate without affecting film quality. In comparison, deposi-
tionwith RF sputtering is much slower. For example, deposition rates of
0.2 to 0.3 nm/s have been reported for powers in the range of 50 W to
250 W. This is approximately an order of magnitude slower than
using pulsed DC power [18]. CBD deposition is also comparatively
slow. In our case, it required 30 min to deposit a 50 nm thick film of
CdS and 1 h for a 150 nm thick film. The comparative quality of the
CdS thin films together with high rates of deposition shows that the
pulsed DC magnetron sputtering process has the potential for applica-
tion in high throughput and low cost manufacturing of solar modules.
Acknowledgements
The authors are grateful to the Engineering and Physical Science Re-
search Council (EPSRC) (EP/J017361/1) for financial assistance under
the Supergen SuperSolar Hub. They are also grateful to the Technology
Strategy Board.
References
[1] I. Repins, S. Glynn, J. Duenow, T. Coutts, Required Materials Properties for High-
Efficiency CIGS Modules, SPIE 7409, Thin Film Solar Technology, 74090 M (21 Au-
gust 2009), NREL/CP-520-46235, 2009.
[2] M.A. Islam, M.S. Hossain, M.M. Aliyu, P. Chelvanathan, Q. Huda, M.R. Karim, K.
Sopian, N. Amin, Comparison of structural and optical properties of CdS thin films
grown by CSVT, CBD and sputtering techniques, Energy Procedia 33 (2013) 203.
[3] I. Mártil de LaPlaza, Structural and optical properties of rf-sputtered CdS thin films,
Thin Solid Films 120 (1984) 31.
[4] A. Punnoose, M. Marafi, G. Prabu, F.E. Akkad, CdS thin films prepared by RF magne-
tron sputtering in Ar atmosphere, Phys. Status Solidi A 453 (2000) 453.
[5] F. Ouachtari, Influence of bath temperature, deposition time and S/Cd ratio on the
structure, surface morphology, chemical composition and optical properties of CdS
thin films elaborated by chemical bath deposition, J. Mod. Phys. 02 (2011) 1073.
[6] A. Ashour, N. El-Kadry, S.A. Mahmoud, On the electrical and optical properties of CdS
films thermally deposited by a modified source, Thin Solid Films 269 (1995) 117.
[7] D. Barreca, A. Gasparotto, C. Maragno, E. Tondello, CVD of nanosized ZnS and CdS
thin films from single-source precursors, J. Electrochem. Soc. 151 (2004) G428.
[8] D. Albin, Y. Yan, D. King, H. Moutinho, K. Jones, Processing Effects on Junction Inter-
diffusion in CdS/CdTe Polycrystalline Devices, NCPV Program ReviewMeeting 2000,
2000, p. 289.
[9] S. Petillon, A. Dinger, M. Gru, M. Hetterich, V. Kazukauskas, C. Klingshirn, J. Liang, B.
Weise, V. Wagner, Molecular beam epitaxy of CdS/ZnSe heterostructures, J. Cryst.
Growth 202 (1999) 453.
[10] A. Ashour, Physical properties of spray pyrolysed CdS thin films, Turk. J. Phys. 27
(2003) 551.
[11] P. Jackson, D. Hariskos, E. Lotter, S. Paetel, R. Wuerz, R. Menner, W. Wischmann, M.
Powalla, New world record efficiency for Cu (In, Ga) Se 2 thin-film solar cells be-
yond 20%, Prog. Photovolt. Res. Appl. 19 (2011) 894.
[12] I. Repins, M.A. Contreras, B. Egaas, C. Dehart, J. Scharf, C.L. Perkins, 19.9%—efficient
ZnO/CdS/CuInGaSe2 solar cell with 81.2% fill factor, Prog. Photovolt. Res. Appl. 16
(2008) 235.
[13] Rapid Deposition Technology Holds the Key forWorld's Largest Solar Manufacturer,
http://www.nrel.gov/awards/2003_hrvtd.html2009 (Access date 2014).
[14] C.S. Ferekides, D. Marinskiy, S. Marinskaya, B. Tetali, D. Oman, D.L. Morel, CdS films
prepared by the close space sublimation and their influence on CdTe/CdS solar cell
performance, Photovoltaic Specialists Conference. Conference Record of the Twenty
Fifth PVSC, May 13–17, 1996, IEEE, 1996, p. 751.
[15] P. Kelly, R. Arnell, Magnetron sputtering: a review of recent developments and ap-
plications, Vacuum 56 (2000) 159.
[16] R.D. Arnell, P.J. Kelly, Recent advances in magnetron sputtering, Surf. Coat. Technol.
112 (1999) 170.
Fig. 6. Energy band gap, 2.34± 0.01 eV and 2.38± 0.01 eV for PDCMS and CBD thin films,
respectively. Transmittance curve, as inset, for CdS films on TEC10 glass (the sample in the
spectrophotometer is positioned letting the light pass through the glass/TCO/CdS layers).
Fig. 5. Refractive index dispersion a of 100 nm CdS thin films, (a) real (n) and (b) imaginary part (k).
326 F. Lisco et al. / Thin Solid Films 582 (2015) 323–327
[17] http://cleantechnica.com/2014/09/27/new-cigs-solar-cell-record-21-7-cigs-cell-
conversion-efficiency-achieved-zsw/. New CIGS Solar Cell Record- ZSW, 2014.
(Access date 2014).
[18] F. Lisco, P.M. Kaminski, A. Abbas, J.W. Bowers, G. Claudio, M. Losurdo, J.M. Walls,
High Rate Deposition of thin film Cadmium Sulphide by Pulsed Direct Current mag-
netron sputtering, Thin Solid Films 541 (2015) 43–51.
[19] A.D. Compaan, C.N. Tabory, Y. Li, Z. Feng, A. Fischer, CdS/CdTe Solar Cells by RF
Sputtering and by Laser Physical Vapor Deposition, Photovoltaic Specialists Confer-
ence. Conference. Conference Record of the Twenty Third IEEE, 1993, 1993, p. 394.
[20] F. Lisco, A. Abbas, B. Maniscalco, P.M. Kaminski, M. Losurdo, K. Bass, G. Claudio, J.M.
Walls, Pinhole free thin film CdS deposited by chemical bath using a substrate reac-
tive plasma treatment, J. Renew. Sustain. Energy 6 (2014) 011202.
[21] A. Rakhshani, Study of Urbach tail, bandgap energy and grain-boundary characteris-
tics in CdS by modulated photocurrent spectroscopy, J. Phys. Condens. Matter 12
(2000) 4391.
[22] J. Chen, Spectroscopic Ellipsometry Studies of II–VI Semiconductor Materials and
Solar Cells(PhD thesis) The University of Toledo, 2010.
[23] H. Fujiwara, Spectroscopic Ellipsometry: Principles and Applications, 1st edition
Wiley, 2007.
[24] D. Gonçalves, E. Irene, Fundamentals and applications of spectroscopic ellipsometry,
Quím. Nova 25 (2002) 794.
[25] D.A. Mazón-Montijo, M. Sotelo-Lerma, L. Rodríguez-Fernández, L. Huerta, AFM, XPS
and RBS studies of the growth process of CdS thin films on ITO/glass substrates de-
posited using an ammonia-free chemical process, Appl. Surf. Sci. 256 (2010) 4280.
327F. Lisco et al. / Thin Solid Films 582 (2015) 323–327
Oxygenated CdS window layers for thin film CdTe Photovoltaics by 
pulsed DC magnetron sputtering 
P.M. Kaminski, F. Lisco, A. Abbas, J. W. Bowers, G Claudio, J.M. Walls 
CREST (Centre for Renewable Energy Systems Technology), School of Electronic, Electrical and 
Systems Engineering, Loughborough University, Loughborough, LEI I 3TU, United Kingdom 
Abstract: Absorption in the CdS window layer limits the 
photocurrent obtained from thin film CdTe solar cells. These 
absorption losses can be avoided by tailoring the band gap of 
the CdS material to improve the light transmission at shorter 
wavelengths. This can be achieved by adding oxygen to the CdS 
to create Oxygenated Cadmium Sulphide films (CdS:O). In this 
paper we report on a new process in which oxygen is 
incorporated into the thin film CdS during deposition by 
pulsed DC magnetron sputtering. Spectrophotometric 
measurements of transmission show that the absorption edge is 
shifted from 500nm to 350nm by incorporating the oxygen into 
the deposited films. In this way, light absorption in the window 
layer of the solar spectrum utilised by the CdTe solar cells was 
significantly reduced. Ellipsometric measurements showed that 
the refractive index of the CdS decreased from 2.45 to 2.1 at 
A=632.8nm and the band gap shifted from 2.38eV to 3.1eV as a 
result of incorporating the oxygen into the film. The refractive 
index dispersion profiles suggest that the oxygenated films are 
amorphous/semi-amorphous and this was confirmed by X-ray 
Diffraction measurements and TEM cross-section images. 
Index terms : CdTe, CdS, CdS oxygenated, window layer 
I. [NTRODUCTION 
Thin film CdTe is currently the lowest cost photovoltaic 
(PV) technology with further reductions possible through 
increasing the conversion efficiency and improvements in 
module manufacturing techniques. 
CdS is an important semiconductor material for CdTe thin 
film PV (TF-PV). It is an n-type material and it is used to 
form a heterojunction solar cell with the CdTe absorber 
layer. The optical properties of the CdS are currently 
limiting the short circuit current density and efficiency of 
thin film CdTe TF-PV. The main drawback of CdS is its 
bandgap (2.4SeV) which causes absorption losses below 
SOOnm and therefore limits the photocurrent of thin film 
CdTe devices. One solution to this problem is to deposit a 
thinner window layer to reduce the losses [[]. Alternatively, 
the transmission can be improved by engineering the band 
gap of the CdS layer [2]. [t has been shown previously that 
by adding oxygen to the working gas pressure in an rf 
sputtering deposition process it is possible to deposit an 
oxygenated CdS (CdS:O) layer with an improved band gap 
[3], [4]. Unfortunately, rf magnetron sputtering is not well 
suited to volume manufacturing due to its low deposition 
rate and the complexity of matching circuits. In this paper, 
we report on the properties of thin film oxygenated cadmium 
sulphide CdS:O deposited at high rates using pulsed dc 
magnetron sputtering. 
978-1-4799-4398-2/14/$31.00 ©2014 IEEE 
II. EXPERIMENTAL 
A. Sample preparation 
The thin film layers of oxygenated Cadmium sulphide were 
deposited by using pulsed D C  magnetron sputtering 
(POCMS) using a "PV Solar" deposition system 
manufactured by Power Vision Ltd., (Crewe, UK). The 
system was designed for multilayer thin film deposition and 
is equipped with up to four 6 inch circular magnetrons 
mounted vertically around a cylindrical chamber. The 
system allows deposition of multi-layer stacks under 
computer control. There is an option to replace one of the 
magnetrons with a plasma source for reactive sputtering. 
The samples are mounted vertically on a rotatable carrier, 
designed for mounting up to four Scm x Scm substrates. The 
carrier rotates typically at 120rpm during the deposition 
process to provide horizontal uniformity. Vertical uniformity 
is achieved by placing a detachable mask in front of the 
magnetron target. Two of the magnetrons are fitted with 6 
inch diameter CdS and CdTe planar magnetron targets. The 
layers of CdS and CdS:O were sputtered at ambient 
temperature using a pulsed D C  power supply (Advanced 
E nergy [nco Pinnacle Plus SkW) in an argon/oxygen 
environment. The 99.999% CdS IS0mm circular target was 
sputtered at SOOW using a 2.Sfls reverse time. The pulsing 
frequency was set to 150 kHz. At these deposition 
conditions, the plasma arcing was minimal during the film 
growth. The CdS:O films were deposited with oxygen 
supplied to the chamber through a computer controlled mass 
flow controller. The films were first deposited on I mm 
thick soda lime glass slides to allow the measurement of the 
optical properties of the materials deposited and the 
establishment of their deposition rates. Once the process 
conditions had been optimised, 'TE C 1 0' TCO coated glass 
substrates (NSG-Pilkington) were used. 
B. Characterization 
The microstructure, composition and optical properties of 
the deposited CdS:O films have been investigated. STEM 
was used to investigate the crystalline structure of the 
deposited films. The STEM imaging was carried out using a 
FE I Tecnai F20 (S) TEM. The images were obtained using a 
Bright Field detector at 200 kV. The TEM samples were 
prepared by Focused Ion Beam (FIB) milling using a dual 
beam FE I Nova 600 Nanolab. A standard in situ lift out 
method was used to prepare cross-sectional samples through 
the coating into the glass substrate. A platinum over-layer 
was deposited to define the surface of the samples and 
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homogenize the final thinning of the samples, down to 
75nm. 
A high resolution field emission gun scanning electron 
microscope (FEGSEM) Leo 1530 VP FEG-SEM, was used 
to investigate the microstructure of the deposited thin films. 
The refractive index, extinction coefficient and thickness of 
the deposited films were measured using a Horiba Jobin 
Yvon UVISE L iHR320FGAS spectroscopic ellipsometer. 
The transmission of the deposited CdS:O thin films on a 
glass slide was measured using a Varian Cary 5000 UV­
Vis-NIR spectrophotometer. 
The crystalline structure of the sputtered films was measured 
using X-ray diffraction (XRD). The XRD measurements 
were performed using a Bruker D2 Phase bench-top XRD 
system. 
X-ray Photoelectron Spectroscopy (XPS) surface chemical 
analysis was performed using a Thermo Scientific K-Alpha 
XPS system. The XPS measurements provided information 
about the chemical composition of the sputtered thin films of 
CdS:O. 
III. RESULTS 
A range of CdS:O films were deposited using different 
oxygen flow rates during the deposition. Fig. 1 shows a 
composite image of a range of CdS:O films deposited using 
different oxygen gas flows (2sccm - lOsccm). The films 
were deposited on to a Imm thick soda lime glass substrate. 
A direct comparison between the deposited thin films on 
glass shows that the colour of the deposited film changes 
from orange to almost completely transparent as the oxygen 
gas flow is increased. 
Fig. 1 Images of CdS:O films deposited using increasing oxygen 
gas flows. 
A. TEM analysis 
Fig. 2 BF-TEM image of thin film CdS cross section deposited on 
TEC 10 without the addition of oxygen at 750W and lOsccm 
Argon flow. 
A BF-TEM image of a CdS cross section deposited by 
pulsed D C  magnetron sputtering is shown in Fig. 2. The use 
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of pulsed dc magnetron sputtering to deposit CdS has been 
reported elsewhere [5]. The BF-TEM image shows that the 
material has a structure consisting of grains extending 
through the thickness of the material and crystallites with a 
semi-amorphous structure which coalesce forming columnar 
structures which extend through the thickness of the CdS 
layer. 
Fig. 3 shows BF-TEM cross section images of CdS:O films 
deposited using increasing oxygen flows. Addition of 
oxygen to the deposition plasma resulted in the growth of 
amorphous films. The types of crystallites which were 
present in the BF-TEM image of the CdS film (Fig. 2) are 
only visible in the image of the film deposited using 2 sccm 
flow of oxygen. 
Fig. 3 BF-TEM cross section images of CdS:O films deposited on 
TEC lO using increasing 02 gas flows during the deposition. 
Fig. 4 shows a BF-TEM cross section image of a CdS:O 
film grown on TE C lO using a 10 sccm oxygen flow. The 
thin film is amorphous. The influence of incorporating 
oxygen in the CdS film is clear by comparing the images in 
Fig. 2 and Fig. 4. 
The cross section also shows that the films are compact and 
that they provide uniform coverage of the TE C 10 substrate 
surface. No voids were detected at the interface and no voids 
or pinholes were present in the deposited material. 
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Fig. 4 BF-TEM image of a 200nm thick CdS:O thin film cross 
section on TECIO. The film was grown at 10 sccm oxygen flow 
during the deposition. 
B. SEM analysis 
Fig. 5 presents SEM surface images of the CdS:O films 
deposited by pulsed D C  magnetron sputtering at various 
oxygen gas flows. The SF-TEM analysis showed that the 
oxygenated films were amorphous. However, the SEM 
images of the surface show that the material coalesces and 
forms a granular structure. The size of these grains increased 
when the oxygen flow rate used during the film growth was 
increased. The SEM images and BF -TEM cross sections 
show that the morphology of the surface is affected by the 
substrate but it is also dependent on the deposition 
conditions used. The analysis shows that when oxygen flow 
rate is increased, the average grain size at the surface 
increased from � 170nm to �230nm for the film deposited at 
lOsccm O2 flow rate. 
Fig. 5 SEM images of the deposited CdS:O films using different 02 
gas flow rates. The grain size increased with increasing oxygen gas 
flow. 
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C. Spectroscopic Ellipsometry 
Spectroscopic ellipsometry measurements of the deposited 
samples were carried out to measure the thickness and the 
dispersion of the refractive index. Fig. 6 shows the 
dispersion measured for each of the deposited films. The 
films deposited using lower oxygen gas flows showed two 
distinct peaks in the refractive index dispersion. The two 
peaks gradually merged into one broader peak as the oxygen 
flow was increased during the deposition. This is caused by 
the decrease in the thin film crystallinity [6]. The refractive 
index of the films decreased as result of the addition of 
oxygen to the deposition plasma as shown in Fig. 7. 
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Fig. 6 The measured refractive index (n) dispersion of CdS:O films 
deposited using different 02 flows. 
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Fig. 7 The refractive index at 550nm for films deposited using 
different oxygen flow rates during the sputter-deposition process. 
The deposition rates were calculated from the film thickness 
measurement obtained by spectroscopic ellipsometry. Fig. 8 
shows the deposition rates measured for films deposited 
using different 02 flows. The deposition rate of the films 
decreased as the oxygen flow rate was increased. The 
deposition rate varied from �2.4nm/s to �1.4 nmls as the 
flow of oxygen was increased from Osccm to lOsccm. The 
power supplied to the magnetron target was fixed for these 
measurements at 500W. 
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Fig. 8 The measured deposition rates for CdS:O films deposited 
using different 02 gas flow rates (0-1 Osccm). 
D. UV-Vis-NIR Spectrophotometer 
The optical transmission of the films was measured using a 
spectrophotometer. Fig. 9 shows the transmission measured 
for films deposited at different O2 flow rates. The thickness 
of the deposited films was kept constant for all samples. 
However, due to the change of refractive index as a result of 
the oxygen addition into the film the dispersion 
characteristics changed. This, in turn, affected the 
transmission of the films. The transmission data shows a 
strong blue shift of the absorption edge as the oxygen gas 
flow rate was increased during the film growth. The 
absorption edge shifted from �500nm down to �350nm for 
the thin film deposited using a IOsccm oxygen flow. 
Fig. 9 The transmission spectra measured for CdS:O films 
deposited using increasing 02 gas flows (�200nm thick). 
The band gap of the deposited material was calculated from 
the transmission data using the Tauc's plot method [7]. The 
band gap calculations are shown in Fig. 10. The band gap of 
the deposited CdS:O films increased from 2.38eV to 3.1 eV 
as more oxygen was incorporated in the thin films during the 
deposition. The relationship between band gap and the 
oxygen gas flow used is shown in Fig. 11. The graph shows 
that the band gap of the deposited material can be accurately 
controlled during the deposition through simple control of 
the oxygen flow through the mass flow controller. 
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Fig. 10 The band gap extraction using Tauc's plot method from the 
measured transmission data. 
Fig. 11 The band gap of deposited CdS:O films as a function of 
oxygen flow rate used during the deposition. 
E. XRD 
The XRD spectrum of a CdS film deposited using the same 
conditions but without O2 flow is plotted for reference in 
Fig. 12. 
Fig. 12 XRD spectra of a CdS thin film deposited without oxygen 
provided for reference. 
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Fig. 13 XRD Spectra of CdS:O deposited at different oxygen flow 
rates. 
Fig. 13 shows a sequence of XRD spectra measured for the 
range of deposited CdS:O films. The structure of the thin 
films sputtered with and without oxygenation was found to 
be in the more stable hexagonal crystalline structure. The 
intensity of the peaks decreases as a result of adding O2 to 
the deposition plasma and the films became amorphous for 
higher oxygen flow rates. This is a similar to behaviour 
reported for the rf sputtered CdS:O films [3]. 
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Fig. 14 Atomic concentrations (XPS) of Cd, S and 0 in the 
deposited CdS:O films as function of 02 gas flow used. 
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XPS was used to measure the composition of the deposited 
films. The surface of the sample was etched with a low 
current ion beam for 30 seconds prior to the measurements 
to remove �20nm of atmospheric contamination and to 
expose the deposited thin film. Fig. 14 shows how the 
atomic composition of the deposited films changed with the 
oxygen flow rate used. The oxygen concentration increased 
up to 33% when the oxygen was added to the deposition 
plasma using a flow rate of 10 sccm. The cadmium level 
was constant for all the samples at �50% and the sulphur 
concentration decreased as the oxygen flow rate was 
increased during the deposition. A chemical shift occurs in 
the XPS sulphur peak which depends on its bonding. The 
cadmium sulphide peak occurs at �161.5eV and the sulphate 
peak is found at � 16ge V [8]. An XPS sulphur spectrum for a 
film deposited with 2sccm of oxygen is shown in Fig. 15 
and the spectrum shown in Fig. 16 corresponds to a film 
deposited using 10sccm of oxygen in the plasma. 
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Fig. 15 An XPS spectrum of the sulphur peaks measured for a 
CdS:O sample deposited using a 2 sccm 02 flow rate. 
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Fig. 16 An XPS spectrum of the sulphur peaks measured for 
CdS:O sample deposited using a 10 sccm 02 flow rate showing the 
presence of cadmium sulphate. 
The XPS spectrum for the CdS:O film deposited using a 
10sccm flow rate shows two distinct peaks related to the 
formation of cadmium sulphate. The film deposited at 10 
sccm had a sulphur concentration of 24%. Approximately 
6.5% of this sulphur was in form of cadmium sulphate. 
Cadmium sulphate was detected in all CdS:O films 
deposited using 02 flow rates above 2 sccm. 
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IV. CONCLUSIONS 
Oxygenated CdS films for CdTe TF-PV applications were 
successfully deposited by using pulsed D C  magnetron 
sputtering. The process was highly stable using a pulse 
frequency of ISO kHz and a 2.S IlS pulse reverse time. No 
plasma arcing was detected. A range of CdS:O films were 
deposited by using 02 flows from I sccm to 10 sccm during 
the deposition process. 
STEM analysis was used to analyse the crystalline structure 
of the deposited films. The films showed the presence of 
small crystallites for the lower oxygen flows similar in 
appearance to those observed in CdS films [S]. For higher 
O2 flow rates, the films were amorphous. 
The SEM analysis of the surface of deposited films showed 
that the crystallites coalesce to form a granular structure at 
the surface. The BF-TEM analysis shows that these extend 
through the thickness of the material. The grain size 
increased with the oxygen flow from 170 nm to 230 nm. 
Transmission measurements showed that the addition of 
oxygen results in a blue shift of the absorption edge from 
SOO nm to 3S0 nm due to the widening of the band gap of 
the deposited material. D etailed Tauc's plot analysis showed 
that the incorporation of oxygen into the deposited films 
caused the band gap to be widened from 2.38 eV to 3.1 eV 
thereby eliminating absorption losses that would otherwise 
occur in the CdS window without oxygenation. This results 
in a useful increase in photocurrent [3], [4]. 
The spectroscopic ellipsometry analysis showed that the 
refractive index of the deposited film decreased from 2.S7 to 
2.17 at A,=SSO nm as the 02 flow was increased. The 
deposition rate of the CdS:O decreased as the O2 flow was 
increased. The refractive index dispersion measured for the 
films deposited at lower oxygen flow showed two distinct 
peaks. The peaks gradually merged into one broader peak as 
the oxygen flow increased as the films become more 
amorphous. 
The XRD measurements showed that deposited films are 
hexagonal and the peak diminishes as more oxygen was 
added to the deposition plasma. 
The XPS analysis showed that the oxygen content in the 
film increased up to 33% as more oxygen was added to the 
deposition plasma. The concentration of cadmium was 
unaffected at SO% and the concentration of sulphur was 
reduced. Cadmium sulphate formation was detected for 
films deposited using 02 flow rates above 2 sccm. 
The deposition process was stable and allows deposition of 
the films at high deposition rates. The addition of 02 to the 
deposition plasma allows precise control of the films 
properties such as refractive index and band gap. 
Importantly, the deposition rates achieved using pulsed dc 
magnetron sputtering with only SOOW of power to the 
magnetron target were in the range �1.4 nm/s �2.4nmJs, 
depending on the oxygen flow rate used. This is a high rate 
of deposition and much faster than can be achieved using rf 
sputtering. It could be further increased by simply increasing 
the power to the magnetron. This makes a pulsed D C  
magnetron sputtering process feasible for the deposition of 
an improved oxygenated CdS window layer for high 
efficiency CdTe devices. The combination of tight control of 
the band gap and associated increases in photocurrent 
together with the high rate of deposition makes the use of 
pulsed D C  magnetron sputtering a commercially attractive 
978-1-4799-4398-2/14/$31.00 ©2014 IEEE 
process for high volume manufacturing of thin film CdTe 
photovoltaic modules. 
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